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A new m ass  t r a n s f e r  d e v i c e  was c o n s t r u c t e d  a n d  t h e n  
e v a l u a t e d  o n  t h e  a i r - w a t e r  s y s t e m .  T h i s  d e v i c e  c o n s i s t s  o f  
a s o l i d ,  t r a n s v e r s e l y  c o r r u g a t e d  s u r f a c e  whose a n g l e  o f  i n ­
c l i n a t i o n  c a n  be v a r i e d  f rom f i v e  t o  t h i r t y  d e g r e e s  o u t  o f  
t h e  h o r i z o n t a l .  The a b i l i t y  o f  t h e  a p p a r a t u s  t o  a b s o r b  a t ­
m o s p h e r i c  o xygen  was s t u d i e d  f o r  w a t e r  f l o w  r a t e s  up  t o  f i f t y  
f i v e  g a l l o n s  p e r  l a t e r a l  f o o t ,  oxygen  c o n c e n t r a t i o n s  b e i n g  
d e t e r m i n e d  b y  th e  W i n k l e r  a n a l y s i s .
I n  t h e  t e m p e r a t u r e  r a n g e  8 3 . 1  t o  8 5 . 3 ° F ,  t h e  e f f e c t  o f  
f l o w  r a t e  w a s  s t u d i e d  a t  v a r i o u s  a n g l e s  o f  i n c l i n a t i o n .  The 
o v e r a l l  m a s s  t r a n s f e r  c o e f f i c i e n t ,  K^a, a s  (pound m o le s  o f  
o x y g e n ) / ( H o u r ) ( p o u n d  m o le  o f  o x y g e n / c u b i c  f o o t  o f  w a t e r ) ,  
r a n g e s  f rom  a p p r o x i m a t e l y  80 a t  an a n g l e  o f  30° t o  18 a t  5 ° ,  
b o t h  v a l u e s  b e in g  a t  50 g a l l o n s  p e r  m i n u t e .
The m o s t  i n t e r e s t i n g  c o r r e l a t i o n s  w e re  o b t a i n e d  f o r  t h e  
n um ber  o f  t r a n s f e r  u n i t s  p e r  f o o t  o f  s u r f a c e  l e n g t h ,  d e s i g ­
n a t e d  a s  n t . n t  was  fo u n d  t o  be  f lo w  r a t e  i n d e p e n d e n t  o v e r  
t h e  r a n g e  s t u d i e d ,  a n d  t o  v a r y  l i n e a r l y  w i t h  t h e  s i n e  o f  t h e  
a n g l e  o f  i n c l i n a t i o n .  The e f f e c t  o f  t e m p e r a t u r e  on  n t  a t  a n  
a n g l e  o f  30°  was t o  i n c r e a s e  t h i s  v a l u e  by  some e l e v e n  p e r  
c e n t ,  from 0 .2 4 2  t o  0 . 2 6 8  o v e r  t h e  t e m p e r a t u r e  r a n g e  8 3 . 1  t o
1 0 5 . 6°F .
v
A t h e o r e t i c a l  m ode l  i s  p o s t u l a t e d  w h i c h  a s s o c i a t e s  t h e  
m ass  t r a n s f e r  p e r f o r m a n c e  o f  t h e  a p p a r a t u s  w i t h  a  d i s s i p a t i o n  
f a c t o r  i n  a  m e c h a n i c a l  e n e r g y  b a l a n c e  f o r  t h e  f l u i d .  I t  i s  
shown how su c h  a n  a p p r o a c h  p r e d i c t s  t h e  b e h a v i o r  o b s e r v e d .
E xam ples  a r e  p r e s e n t e d  i l l u s t r a t i n g  how t h e  d e v i c e  c a n  
b e  a d a p t e d  d i r e c t l y  t o  w a s t e  a e r a t i o n .  S p e c u l a t i o n s  a r e  
made on t h e  m an n e r  i n  w h i c h  t h e  d e v i c e  m i g h t  b e  a d a p t e d  t o  
a b s o r p t i o n ,  d e s o r p t i o n ,  d i s t i l l a t i o n ,  h e a t  t r a n s f e r ,  and  
c h e m i c a l  r e a c t o r  d e s i g n .
INTRODUCTION
The t r u e  o r i g i n  o f  t h i s  r e s e a r c h  p r o b l e m  i s  t o  b e  f o u n d  
i n  t h e  e a r l i e r  i n v e s t i g a t i o n s ,  o f  W h e e l e r  a n d  K e l l e r 4 3 *4 4 , o f  
t h e  w a t e r  p o l l u t i o n  p r o b l e m s  o f  t h e  L o u i s i a n a  c a n e  s u g a r  i n d u s t r y .  
The  l a t t e r  s t u d y ,  s p o n s o r e d  b y  a  g r o u p  6 f  L o u i s i a n a  s u g a r  p r o ­
d u c e r s ,  w as  h i g h l y  s u c c e s s f u l .  T h o se  i n t e n s i v e  a n d  e x t e n s i v e  
s t u d i e s  i s o l a t e d  a n d  e l i m i n a t e d  t h e  s o u r c e s  o f  p o l l u t i o n ,  
down t o  a  s i n g l e  s o u r c e ,  t h a t  o f  c a n e  w ash  w a t e r .
T h i s  l a t t e r  s o u r c e  w as  s t u d i e d  a t  l e n g t h  b y  W h e e l e r  a n d  
K e l l e r .  The b a s i c  p r o b l e m  i s  r e l a t i v e l y  l a r g e  a m o u n t s  o f  w a t e r  
c o n t a i n i n g  a  s m a l l  b u t  s i g n i f i c a n t  a m o u n t  o f  s u g a r .  I f  t h i s  
w a t e r  i s  d i s c h a r g e d  i n t o  a  s t r e a m ,  t h e  b a c t e r i a  w h i c h  d e co m p o se  
t h e  s u g a r  w i l l  c o m p e te  f o r  d i s s o l v e d  g a s e o u s  o x y g e n  w i t h  t h e  
n o r m a l  f l o r a  a n d  f a u n a ,  r e s u l t i n g  i n  a n  u n b a l a n c e .  I n  e x t r e m e  
c a s e s ,  h e a v y  l o s s  o f  a q u a t i c  l i f e  c a n  r e s u l t ,
L a b o r a t o r y - s c a l e  k i n e t i c  s t u d i e s  o f  W h e e l e r 44 i n d i c a t e d  
t h a t  t h i s  w a s t e  c a n  b e  s t a b i l i z e d  s u c c e s s f u l l y  a n d  r a p i d l y  
b y  t h e s e  o r g a n i s m s  u n d e r  c o n d i t i o n s  o f  p r o p e r  a e r a t i o n  a n d  
n u t r i e n t  a d d i t i o n .  N u t r i e n t  h e r e  m ea n s  t h e  v a r i o u s  i n o r g a n i c  
com pounds  w h i c h  m u s t  b e  p r e s e n t  i n  t r a c e  a m o u n t s  t o  i n s u r e  
p r o p e r  g r o w t h  o f  t h e  o r g a n i s m s .  B u t  t o  b r i n g  t h i s  t e c h n i q u e  
t o  f r u i t i o n ,  a n  e c o n o m i c a l ,  e f f i c i e n t  a e r a t i o n  schem e w as
2r e q u i r e d .  A t  t h i s  p o i n t ,  W h e e le r  c o m p l e t e d  r e s e a r c h  f o r  t h e  
D o c t o r a t e  a n d  t h e  w r i t e r  became i n t e r e s t e d  i n  t h e  p r o j e c t .
I t  was a m o s t  i n t e r e s t i n g  c h a l l e n g e ,  f u r n i s h i n g  a n  o p p o r t u n i t y  
t o  a p p l y  c h e m i c a l  e n g i n e e r i n g  t e c h n i q u e s  t o  t h e  s o l u t i o n  o f  
a  p r o b le m  im m e d ia t e  a n d  c r u c i a l  t o  t h e  economy o f  L o u i s i a n a .  
T h i s ,  t h e n ,  i s  t h e  t o p i c  o f  t h i s  d i s s e r t a t i o n .
I n  a n o t h e r ,  b r o a d e r  s e n s e ,  t h i s  r e s e a r c h  c a n  a l s o  b e  
v i e w e d  a s  a  c o n t r i b u t i o n  t o  m ass  t r a n s f e r  k n o w le d g e .  R e s u l t s  
seem t o  i n d i c a t e  t h a t  t h i s ,  d e v i c e  m i g h t  b e  a d a p t e d  t o  u s e  a s  
a n  e f f e c t i v e  c o n t a c t i n g  d e v i c e  f o r  f l o w  r e a c t i o n s ,  d i s t i l l a ­
t i o n ,  a b s o r p t i o n ,  a n d  so  f o r t h .  T h i s  c o n t r i b u t i o n  t o  k no w le d g e  
m u s t  b e  v i e w e d  i n  a  g e n e r a l  a s  w e l l  a s  a  s p e c i f i c  s e n s e .
CHAPTER I  
FOUNDATIONS
I n  a p r o b l e m  s u c h  a s  t h i s ,  s e v e r a l  m e th o d s  o f  a p p r o a c h  
a r e  a v a i l a b l e .  One m i g h t  t a k e  t h e  l i t e r a t u r e  and  t e c h n i q u e s  
o f  t h e  g e n e r a l  f i e l d  o f  m u n i c i p a l  a n d  i n d u s t r i a l  w a s t e  t r e a t ­
m e n t ,  a n d  a d a p t  t h e  s o l u t i o n  o f  a  s i m i l a r  p r o b le m  t o  t h i s  c a s e .  
A l t e r n a t e l y ,  one  m i g h t  i g n o r e  t h a t  s o u r c e  a n d  a p p l y  c h e m i c a l  
e n g i n e e r i n g  t e c h n i q u e s  d i r e c t l y ,  t r e a t i n g  t h i s  a s  a  s p e c i a l  
g a s - l i q u i d  c o n t a c t i n g  o p e r a t i o n .  F i n a l l y ,  t e c h n o l o g y  m ig h t  b e  
i g n o r e d  a l t o g e t h e r  and  t h e  s o l u t i o n  b u i l t  up  from f u n d a m e n t a l s .  
T h i s  p r o b l e m  was r e s o l v e d  by  a p r o p e r  c o m b i n a t i o n  o f  a l l  t h r e e  
t e c h n i q u e s ,  su c h  c o u r s e  b e i n g  t h e  m o s t  a d v a n t a g e o u s .
The f i r s t  s t e p  was a  d e t a i l e d  l i t e r a t u r e  s u r v e y ,  w i t h  
e m p h a s i s  on  t h o s e  s o u r c e s  d e a l i n g  w i t h  t h e  i n t e r a c t i o n  b e tw e e n  
g a s e o u s  o x y g e n  a n d  l i q u i d  w a t e r .  The num ber  o f  s u c h  r e f e r e n c e s  
i s  q u i t e  l a r g e .
One s u c h  g r o u p  o f  r e f e r e n c e s  i s  t h a t  d e a l i n g  V7ith n a t u r a l  
b o d i e s  o f  w a t e r ,  e x p o s e d  t o  t h e  a t m o s p h e r e .  I n  t h a t  t h e  t y p e s  
o f  s t a b i l i z a t i o n  l a g o o n s  w h ic h  W h e e l e r  a n d  K e l l e r 4 3 * 44 e n v i ­
s i o n e d  a r e  s i m i l a r  t o  s m a l l  p o n d s ,  t h e  r e f e r e n c e s  a r e  h i g h l y  
r e l e v a n t .  A r e p r e s e n t a t i v e  g ro u p  i s  p r e s e n t e d  i n  t h e  S e l e c t e d  
B i b l i o g r a p h y  ( 5 0 ,  51 ,  5 2 ,  5 6 ,  57, 5 9 ,  60, 6 6 ,  7 1 ) .  A l t h o u g h
v a r i e d  i n  t e c h n i q u e ,  l o c a l e ,  and p u r p o s e ,  t h e  r e s u l t s  a r e  i n
4e s s e n t i a l  a g r e e m e n t .  H ig h  g a s e o u s  o x y g e n  c o n t e n t  ( e v e n  i n  
e x c e s s  o f  s a t u r a t i o n )  was fo u n d  a s s o c i a t e d  w i t h  h i g h  p h o t o ­
s y n t h e t i c  a c t i v i t y .  The p h y s i c a l  a b s o r p t i o n  a nd  s u b s e q u e n t  
d i f f u s i o n  o f  a t m o s p h e r i c  o x y g e n  i n  w a t e r  w as  f o u n d  t o  b e  
n e g l i g i b l e .  Two e x c e p t i o n s  w e r e  o b s e r v e d :  f l o w i n g  w a t e r
( p a r t i c u l a r l y  " b r o k e n "  f l o w  o v e r  a n  i r r e g u l a r  s u r f a c e ) ;  an d  
t h e  u n d e r t u r n i n g  o f  s u r f a c e  w a t e r  i n  f a l l  a n d  w i n t e r  b e c a u s e  
o f  s u r f a c e  c o o l i n g ,  Gameson60 h a s  r e p o r t e d  r e c e n t l y  on e x ­
t e n s i v e  s t u d i e s  on  t h e  a e r a t i o n  o f  v a r i o u s  E n g l i s h  r i v e r s .
H is  r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  m o s t  e f f i c i e n t  u s e  o f  
a  g i v e n  g r a v i t y  h e a d  i s  f l o w  down a  s t e p p e d  w e i r  r a t h e r  t h a n  
down a n  i n c l i n e d  s u r f a c e  o f  r a n d o m ly  a r r a n g e d  r u b b l e .  Gameson 
and  h i s  c o - w o r k e r s  h a v e  s a m p le d  t h e  w a t e r  f a l l i n g  o v e r  a  w e i r  
a t  v a r i o u s  p o i n t s  b e f o r e  i t  s p l a s h e s  on t h e  s u r f a c e  b e lo w .
They w e r e  l e d  t o  c o n c l u d e  t h a t  t h e  f a l l i n g  c u r t a i n  o f  w a t e r  
was n o t  a  f a c t o r  i n  a e r a t i o n ,  t h e  m a j o r  e x c h a n g e  a p p e a r i n g  t o  
o c c u r  a t  t h e  p o i n t  o f  i m p a c t  a n d  t h e r e a f t e r .
T h e s e  v a r i o u s  s t u d i e s  a r e  i n  c o m p l e t e  a g r e e m e n t  w i t h  
l a b o r a t o r y  s t u d i e s  u n d e r  much b e t t e r  c o n t r o l l e d  c o n d i t i o n s .  
A l t h o u g h  t h e  e q u i l i b r i u m  s a t u r a t i o n  v a l u e s  w e r e  m e a s u r e d  by  
v a r i o u s  i n v e s t i g a t o r s 3 ® b e f o r e  1 9 0 9 ,  t h e  f u n d a m e n t a l  r a t e  
s t u d i e s  came l a t e r .  The c l a s s i c  s e t  o f  i n v e s t i g a t i o n s  i s  
t h a t  o f  Adeney a n d  B e c k e r 4 5 ' 4 6 ’ 4T. A b e a k e r ,  f i l l e d  w i t h  
w a t e r  o f  v a r i o u s  d i s s o l v e d  s a l t  c o n c e n t r a t i o n  was s t i r r e d  a t
5v a r i o u s  r a t e s  a n d  s a m p le s  w i t h d r a w n  a n d  a n a l y z e d .  U nder  t h e s e  
c o n d i t i o n s ,  a  l i n e a r  r e l a t i o n s h i p  was  o b s e r v e d  b e t w e e n  t h e  
r a t e  o f  a b s o r p t i o n  a nd  b u l k  c o n c e n t r a t i o n  o v e r  t h e  e n t i r e  c o n ­
c e n t r a t i o n  r a n g e  a s  f a r  a s  c o u l d  b e  m e a s u r e d .  S u r f a c e  c o o l i n g  
was  fo u n d  to  b e  a  f a c t o r  a n d  no  m o l e c u l a r  d i f f u s i o n  was 
a p p a r e n t .  C a r l s o n 5 3 , w o r k i n g  u n d e r  m ore  r e f i n e d  c o n d i t i o n s ,  
was a b l e  to  m e a s u r e  a c o e f f i c i e n t  o f  m o l e c u l a r  d i f f u s i o n ,  
s m a l l  b u t  f i n i t e .
L ew is  and  W h i tm a n 63 c o n d u c t e d  a  s e r i e s  o f  s t u d i e s  on t h e  
a b s o r p t i o n  o f  v a r i o u s  g a s e s  i n  w a t e r ,  i n t e r p r e t i n g  t h e  r e s u l t s  
i n  t h e  l i g h t  o f  t h e i r  two f i l m  t h e o r y .  They c o n c l u d e d  t h a t  
t h e  r a t e  o f  o x y g e n  a b s o r p t i o n  was g o v e r n e d  b y  c o n d i t i o n s  i n  
t h e  l i q u i d ,  a  c a s e  o f  l i q u i d  f i l m  c o n t r o l l e d  a b s o r p t i o n  ( s e e  
C h a p t e r  I I ) .
A s t i l l  m o re  r e c e n t  s t u d y  i s  t h a t  o f  T o v b in 7 3 , W a te r  
d r o p l e t s  o f  c e r t a i n  s i z e s  w e r e  fo rm ed  i n  a  h y d r o g e n  a t m o s p h e r e  
s u p e r s a t u r a t e d  w i t h  m o i s t u r e ,  t h e  d r o p l e t s  t h e n  f a l l i n g  t h r o u g h  
v a r i o u s  h e i g h t s  o f  a i r  c o lu m n ,  down t o  one  c e n t i m e t e r ,  A d e ­
c r e a s e  was o b s e r v e d  i n  t h e  r a t e  o f  o x y g e n  a b s o r p t i o n  w i t h  
w a t e r  t e m p e r a t u r e  o v e r  t h e  r a n g e  5 t o  15 d e g r e e s  C e n t i g r a d e ,  
b u t  a  r e v e r s a l  o f  t h e  t r e n d  w as  n o t e d  i n  t h e  r a n g e  25 t o  40 
d e g r e e s  C e n t i g r a d e .  Maximum v a l u e s  o f  a b s o r p t i o n  r a t e  i n  t h e  
w a rm e r  r a n g e  w e r e  g r e a t e r  t h a n  t h o s e  o f  t h e  c o l d e r .  The t e s t s  
w e r e  r e p e a t e d  w i t h  t h e  w a t e r  s a t u r a t e d  w i t h  n - o c t y l  and  i s o a m y l
6a l c o h o l  a n d  s m a l l e r  r a t e s  o b s e r v e d ,  t h e  e f f e c t  b e co m in g  l e s s  
p r o n o u n c e d  a t  t h e  h i g h e r  t e m p e r a t u r e s .
T h e s e  o p e r a t i o n s  i n v o l v i n g  e q u i l i b r i a  a r e  t r e a t e d  m o s t  
e f f i c i e n t l y  b y  t h e  t e c h n i q u e s  o f  c l a s s i c a l  t h e r m o d y n a m i c s .
The phenomenon o f  m ass  t r a n s f e r  i s  a m a n i f e s t a t i o n  o f  t h e  
s e c o n d  l a w 1' 2 ' 5 ' 7 . The e x t e n s i o n  o f  t h e  s e c o n d  law  t o  c h e m i c a l  
t h e r m o d y n a m ic s  d a t e s  f rom t h e  w o rk  o f  G i b b s 3 and  o f  L e w is 3 *3 7 .
The L ew is  c o n c e p t s  s u c h  a s  f u g a c i t y ,  a c t i v i t y  a nd  so  
f o r t h 2 ' 3 ' 2 4 ' " 7 a l l o w  t h e  c a l c u l a t i o n  o f  e q u i l i b r i a  i n  com plex  
s y s t e m s  w i t h  a minimum o f  w a s t e d  m o t i o n .  The t e c h n i q u e s ,  i n  
t h e  e x p e r i e n c e  o f  t h e  w r i t e r ,  c a n  p r o v e  l e n g t h y .
C e r t a i n  s i m p l i f i c a t i o n s  c a n  b e  made i n  a  num ber  o f  c a s e s ,  
h o w e v e r .  The G ib b s  f u n c t i o n  o f  i n t e r e s t  h e r e  i s  t h e  G ib b s  f r e e  
e n e r g y 3 ' 3 7 , d e f i n e d  a s
G = H -  TS 1 - 1
Now i t  can  b e  shown, a s  i n  t h e  e x c e l l e n t  d e r i v a t i o n  o f  Brown 
and  a s s o c i a t e s 7 , t h i s  f r e e  e n e r g y  i s ,  among o t h e r  t h i n g s ,  t h e  
d r i v i n g  f o r c e  f o r  m ass  t r a n s f e r .  To f o r m a l i z e  i t s  e v a l u a t i o n ,  
L e w i s 2 *37 s u g g e s t e d  t h e  f u g a c i t y  c o n c e p t ,  d e f i n e d  a s
AG = RT A I n  f  1 - 2
I n  o r d e r  t o  o b t a i n  n u m e r i c a l  v a l u e s  f o r  f u g a c i t i e s ,  i t  i s  
c u s t o m a r y  t o  com pute  them i n  t e r m s  o f  some r e f e r e n c e  s t a t e ,
7r e a l  o r  h y p o t h e t i c a l .  The c h o i c e  o f  r e f e r e n c e  s t a t e  i s  a 
m a t t e r  o f  t h e  u t m o s t  i m p o r t a n c e  f o r  t h e  s o l u t i o n  o f  t h e s e  
p r o b l e m s  i n  c h e m i c a l  t h e r m o d y n a m ic s
G ib b s  was a b l e  t o  d e m o n s t r a t e  t h a t  t h e  s t a t e  o f  e q u i l i b ­
r i u m  i s  o n e  i n  w h i c h  t h e  f r e e  e n e r g y  o f  e a c h  c o m po n en t  i s  t h e  
same i n  a l l  e x i s t i n g  p h a s e s .  C om ponen ts  t r a n s f e r  b e tw e e n  
p h a s e s  w i t h  n e t  g a i n  o r  l o s s  i n  e a c h  p h a s e  u n t i l  s u c h  t i m e  a s  
t h e  c o n d i t i o n  o f  e q u i l i b r i u m  i s  a c h i e v e d .  F u r t h e r  t r a n s f e r  
i s  i n  t h e  fo rm  o f  e q u a l  a n d  o p p o s i t e  a m o u n t s ,  s u c h  t h a t  t h e r e  
i s  no n e t  c h a n g e .
As p r e v i o u s l y  i n d i c a t e d ,  t h e s e  c o n c e p t s  a r e  r i g o r o u s  b u t  
o f t e n  l e n g t h y  i n  a p p l i c a t i o n .  Some s i m p l i f i c a t i o n  w ou ld  b e  
i n  o r d e r .
Such  s i m p l i f i c a t i o n  i s  commonly t h e  a s s u m p t i o n  o f  H e n r y ' s  
Law10 ' 3 5 ’ f o r  d i l u t e  s o l u t i o n s  o f  v o l a t i l e ,  n o n - e l e c t r o l y t e s .  
M oore37 p r e s e n t s  n u m e r i c a l  e v i d e n c e  t o  s u p p o r t  t h i s  a s s u m p t i o n .  
H e n r y ’ s Law s t a t e s
p i  = Hi j  x i j  i - 3
H ^ j ’ s a r e  fo u n d  t a b u l a t e d  i n  t h e  l i t e r a t u r e 17 f o r  t h e  s o l u t e  i  
a s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  o f  t h e  s o l v e n t  j .
As C o a t e s  a n d  P r e s s b u r g 55 h a v e  n o t e d ,  t h e  common t r a i t  
o f  b o t h  p h y s i c a l  a n d  c h e m i c a l  r a t e  p r o c e s s e s  i s  t h a t  t h i s  
r a t e  c a n  b e  e x p r e s s e d  f o r m a l l y  a s  t h e  p r o d u c t  o f  a  c o n s t a n t
8a n d  a  d r i v i n g  f o r c e .  I f  t h i s  d r i v i n g  f o r c e  b e  t a k e n  a s  t h e  
l i n e a r  d i s p l a c e m e n t  f rom e q u i l i b r i u m 3 3 *3 9 , t h e  r a t e  e q u a t i o n  
f o r  t h e  m ass  t r a n s f e r  o f  com ponen t  A t h r o u g h  a r e a  a w i t h  a 
c o n c e n t r a t i o n  g r a d i e n t  n o r m a l  t o  a  w o u ld  b e
NA = ka (Xa - X i )  1 - 4
k b e i n g  c h o s e n  so  t h a t  t h e  l i n e a r  d i s t a n c e  c o r r e s p o n d i n g  t o  
t h e  c o n c e n t r a t i o n  d i f f e r e n c e  i s  r e p r e s e n t e d .  S t r i c t l y  s p e a k ­
i n g ,  t h e s e  c o n c e n t r a t i o n s  w o u ld  be  t h e  a c t u a l  c h e m i c a l  c o n ­
c e n t r a t i o n  o n l y  f o r  t h e s e  d i l u t e  s o l u t i o n s 7 ,
I t  i s  c u s t o m a r y 7 ' 8 t o  a ssum e  t h a t  t h e  r a t e  o f  t r a n s f e r  
o f  a n y  e n t i t y  i s  p r o p o r t i o n a l  t o  some f u n c t i o n  o f  i t s  g r a d i e n t .  
However ,  o t h e r  f l u x e s  a nd  g r a d i e n t s  may e x e r t  a n  o b s e r v a b l e
4 , 5 , 1 6
i n f l u e n c e  i n  w h ic h  c a s e  t h e  f l u x e s  a r e  s a i d  t o  b e  c o u p l e d
T h e s e  c o n c e p t s  o f  " i r r e v e r s i b l e  t h e r m o d y n a m ic s "  a s  i t  i s
4c ** 6g e n e r a l l y  t e r m e d ,  a r e  f a r  f rom a w o r k a b l e  s t a g e  * ~ . The
e s s e n c e  o f  t h e  t h e o r y  w o u ld  seem t o  b e  t h a t  i t  i s  t h e  i n t e r n a l
2. &
p r o d u c t i o n  o f  e n t r o p y  w i t h i n  a  s y s t e m  w7h i c h  i s  f u n d a m e n t a l  
The f l u x e s  o f  m a t t e r  a n d  v a r i o u s  fo rm s  o f  e n e r g y  t h e n  can  b e  
m o d i f i e d  by  t h i s  s u c h  t h a t  t h e i r  com bined  a c t i o n  r e s u l t s  i n  
t h e  p r o p e r  i n t e r n a l  e n t r o p y  p r o d u c t i o n  ,
CHAPTER I I  
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T h ese  d i f f i c u l t i e s  o f  " i r r e v e r s i b l e  t h e r m o d y n a m ic s "  a r e  
n o r m a l l y  c i r c u m v e n t e d  by  t h e  p r o p e r  a p p l i c a t i o n  o f  e m p i r i c a l  
t e c h n i q u e s .  I n d e e d ,  s u c h  was t h e  p r o c e d u r e  b e f o r e  su c h  d i f ­
f i c u l t i e s  w e r e  r e c o g n i z e d .  To t h e  e x t e n t  t h a t  one  c a n n o t  
r e l a t e ,  he  m u s t  c o r r e l a t e -39.
The i m p o r t a n c e  o f  g a s - l i q u i d  c o n t a c t i n g  o p e r a t i o n s  i n  
v a r i o u s  c h e m i c a l  p r o c e s s i n g  a p p l i c a t i o n s  h a s  made them a n  i t e m
J- T . J * 7 } 8 ,  10, 2 3  ! 33) 40, 58 , 61 , 63i 68 3 7o f  much i n t e r e s t  a n d  i n v e s t i g a t i o n
Much o f  t h i s  r e s e a r c h  h a s  a s  i t s  f o u n d a t i o n  t h e  Whitman two 
f i l m  t h e o r y  ( s e e  F i g u r e  1 ) .  I n  F i g u r e  1 - a ,  t h e  c o n c e n t r a t i o n  
o f  t h e  b u l k  g a s  p h a s e  i s  a ssum ed  c o n s t a n t  a t  T h i s  w o u ld
a c t  a s  a  r e s e r v o i r  o f  t h e  d i f f u s i n g  co m p o n e n t .  F o r  a  s l i g h t l y  
s o l u b l e  g a s ,  p r e s e n t  i n  e x c e s s ,  t h e  s o - c a l l e d  " p h a s e  d r i f t "
•s*
f a c t o r  can  b e  i g n o r e d  a nd  t h e  r a t e  o f  t r a n s f e r  a c r o s s  t h e  
g a s  f i l m  w o u ld  be g i v e n  by
NAG = k<3a C^bG " CiG^  I I - 1
w h e r e  t h e  e f f e c t i v e  g a s  f i l m  t h i c k n e s s ,  Bq , h a s  b e e n  i n c o r ­
p o r a t e d  I n t o  1<q . An a n a l o g o u s  e x p r e s s i o n  f o r  t h e  l i q u i d  p h a s e  
w o u ld  b e
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NAL ~ kLa ^Ci L  " CbL^ I I - 2
t h e  e f f e c t i v e  l i q u i d  f i l m  t h i c k n e s s  b e i n g  i n c o r p o r a t e d  i n t o  
k ,  . I t  s h o u l d  b e  n o t e d  t h a t  t h e r e  i s  no r e a s o n 40 t h a t
e v e n  i n  f u g a c i t y  u n i t s .  I n  t h e  e v e n t  t h a t  I I - 3  d o e s  n o t  h o l d ,
g e n e r a l ,  a nd  o f  C h ian g  and  T o o r 54 on t h e  o x y g e n - w a t e r  s y s te m  
i n  p a r t i c u l a r  h a v e  f a i l e d  t o  show any- c o n s i s t e n t ,  s i g n i f i c a n t  
v a l u e  f o r  t h i s  r e s i s t a n c e .
I n  t h e  c a s e  o f  s m a l l  i n t e r f a c i a l  r e s i s t a n c e  a n d  n e g l i g i b l e  
g a s  f i l m  r e s i s t a n c e ,  i t  i s  c u s t o m a r y  t o  e x p r e s s  t h e  r a t e  o f  
t r a n s f e r  i n  t e r m s  o f  an  o v e r a l l  c o e f f i c i e n t ,  w i t h  t h e  a s s u m p ­
t i o n  o f  s a t u r a t i o n  a t  t h e  i n t e r f a c e ,  b a s e d  on t h e  l i q u i d  f i l m  
a s
F o r  s l i g h t l y  s o l u b l e  g a s e s  s u c h  a s  o x y g e n ,  t h i s  i s  t h o u g h t  t o  
b e  a  good a p p r o x i m a t i o n 7 >3 3 t 4 3 >6^ .
I n  t h i s  c a s e ,  t h e  number  o f  t r a n s f e r  u n i t s  i s  d e f i n e d  by
CiG Ci!> I I - 3
& 3t h e  c a s e  would  b e  t h a t  o f  i n t e r f a c i a l  r e s i s t a n c e  p e r  se
6 QR e c e n t  s t u d i e s  o f  R a im ondi  a n d  T o o r  on t h i s  p r o b l e m  i n
NA = KLa (C* - C) I I - 4
An a l t e r n a t e  p o i n t  o f  v i e w  i s  t h a t  o f  t r a n s f e r  u n i t s 7 ,  n ,  l a
I I - 5
S i n c e  f o r  a  s l i g h t l y  s o l u b l e  g a s  s u c h  a s  o x y g e n ,  t h e  f i r s t
f a c t o r  i n  t h e  d e n o m i n a t o r  o f  t h e  i n t e g r a n d  a p p r o a c h e s  u n i t y ,
t h e n  b y  t h e  a s s u m p t i o n  o f  H e n r y ' s  Law, I I - 5  c a n  be  i n t e g r a t e d  
a n a l y t i c a l l y  t o  o b t a i n
N = l n  X I _ 6
C (C* -  C2 )
The c o n c e p t  i s  t h e n  t h a t  t h e  p r o d u c t  o f  Nt  a nd  t h e  h e i g h t  o f  
a t r a n s f e r  u n i t ,  Ht* w i l l  b e  t h e  h e i g h t ,  Z ,  r e q u i r e d  t o  
a c h i e v e  t h e  d e g r e e  o f  t r a n s f e r  c o r r e s p o n d i n g  t o  t h e  c h an g e  
Ci t o  C2 . F o r  m ass  t r a n s f e r  i n  c l o s e d  d e v i c e s  ( su c h  a s  a 
d i s t i l l a t i o n  co lum n ,  t h e  l i q u i d  and  g a s  h a v in g  a c e r t a i n  
f i x e d  vo lum e t o  a p p o r t i o n  b e tw e e n  t h e m ) ,  an  e x p r e s s i o n  can  
b e  o b t a i n e d  f o r  Ht , i n  t h i s  c a s e  a s
U =  —  I ] > 7
Kpa A
Two m o d e l s  o f  t u r b u l e n t  a b s o r p t i o n  have  b e e n  a d v a n c e d .  
D a n c k w e r t s 58 h a s  p o s t u l a t e d  a  s u r f a c e  f i l m  s u b j e c t  t o  random 
r e n e w a l .  A t  a n y  t i m e ,  t h e  f i l m  w o u ld  c o n s i s t  o f  p o r t i o n s  b e ­
l o n g i n g  t o  a l l  p o s s i b l e  age  g r o u p s  f r o m  0 ( e x p o s e d  a t  t h a t  
i n s t a n t )  t o  co ( e x p o s e d  o r i g i n a l l y ) .  The r e n e w a l ,  b e i n g  random 
w o u ld  b e  i n d e p e n d e n t  o f  t h e  a g e  o f  t h e  p o r t i o n s  u n d e r g o i n g  
r e n e w a l .  The mean r a t e  o f  r e n e w a l  -would b e  g i v e n  by
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I n  t h i s  c a s e ,  t h e  a g e  d i s t r i b u t i o n  f u n c t i o n  w o u ld  b e
Q k j t l  = - s t  X l-9
d t
W here  0 ( t )  i s  p r o p e r l y  n o r m a l i z e d  su c h  t h a t
f 03/ 0 ( t )  d t  = 1 11-10
o
A c c o r d i n g  t o  D a n c k w e r t s ,  t h e  s i m p l e s t  f u n c t i o n  w h ic h  m e e t s  
t h e s e  r e q u i r e m e n t s  i s
d ( t )  = s e x p ( - s t )  11-11
D a n c k w e r t s  t h e n  a p p l i e d  t h i s  f u n c t i o n  a s  a w e i g h i n g  
f a c t o r  f o r  t h e  H i g b i e  i n t e g r a t i o n  o f  m ass  t r a n s f e r  r a t e  i n t o  
a n  i n f i n i t e  s l a b  a s
1% = (C* - G) s e x p ( - s t )  ^  J  11-12
The mean r a t e  o f  a b s o r p t i o n  s h o u l d  t h e n  b e  o b t a i n e d  b y  i n t e ­
g r a t i o n  o v e r  a l l  age  g r o u p s
N* = f  (C* - C) s e x p ( - s t ) (  ^  d t  11-13A v Ft J
o r
Na  = (C* -  C ) ( D a s ) *  u _ u
JL
The f a c t o r  ( D ^ s ) 2 w o u ld  t h e n  b e  i d e n t i f i e d  w i t h  K^a o f  I I - 4 .
As a n  a l t e r n a t e  t o  t h i s  D a n c k w e r t s  t h e o r y ,  K i s h i n e v s k i i '
h a s  s u g g e s t e d  a  l e s s  o r n a t e  f o r m u l a t i o n .  K i s h i n e v s k i i  c o n s i d e r s
sa
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a n  edd y  o r i g i n a t i n g  i n  t h e  b u l k  o f  t h e  f l u i d  t o  h a v e  a  mean 
l i f e  "t a t  t h e  s u r f a c e *  such  t h a t  t h e  mean r a t e  o f  a b s o r p t i o n  
w o u ld  be  g i v e n  by
A c o m p a r i s o n  o f  t h e  two f o r m u l a t i o n s  i s  o f  i n t e r e s t .  The 
D a n c k w e r t s  a p p r o a c h  x^ould p r e d i c t  a o n e - h a l f  power r e l a t i o n ­
s h i p  betxtfeen t h e  c o e f f i c i e n t  o f  m o l e c u l a r  d i f f u s i o n  and  t h e  
m ass  t r a n s f e r  c o e f f i c i e n t .  On t h e  o t h e r  hand* t h e  K i s i n e v s k i i  
f o r m u l a t i o n  w o u ld  p r e d i c t  a r e l a t i o n s h i p  o f  any  o r d e r  from 
z e r o  t o  o n e - h a I f  pow er  d e p e n d i n g  on t h e  m a g n i t u d e  o f  da a n d  E.
(C* - C) 1 1 - 1 5
CHAPTER III
EXISTING AERATION SCHEMES
On t h e  b a s i s  o f  t h e  p r e c e d i n g  m a t e r i a l ,  i t  was  t h e n  p o s ­
s i b l e  t o  e v a l u a t e  t h e  e x i s t i n g  a e r a t i o n  s y s t e m s  c a r e f u l l y .
Many good  s u m m a r i e s ,  s u c h  a s  t h a t  o f  K o u n t z 3 1 , a r e  a v a i l a b l e .
K o u n tz  h a s  c l a s s i f i e d  a e r a t i o n  d e v i c e s ,  a c c o r d i n g  t o  
t h e i r  mode o f  a c t i o n ,  a s  m e c h a n i c a l ,  d i f f u s i o n ,  c a v i t a t i o n ,  
a n d  a i r  s t r e a m  s h e a r .  M e c h a n i c a l  i s  u n d e r s t o o d  t o  mean 
a e r a t i o n  i n d u c e d  b y  i m p a r t i n g  m o t i o n  t o  t h e  l i q u i d  p h a s e ,  
c r e a t i n g  l a r g e r  i n t e r f a c e  a n d  r e d u c i n g  l i q u i d  f i l m  l i f e .  T h i s  
i s  commonly a c c o m p l i s h e d  by  a l l o w i n g  t h e  l i q u i d  t o  f l o w  doxm 
some t y p e  o f  s u r f a c e ,  o r  by  s t i r r i n g .
The d i f f u s i o n a l  t e c h n i q u e s  i n v o l v e  t h e  p r o d u c t i o n  o f  a 
g r e a t  num ber  o f  s m a l l  b u b b l e s  b e lo w  t h e  s u r f a c e  o f  t h e  l i q u i d .  
T h i s  i s  a c c o m p l i s h e d  b y  f o r c i n g  t h e  a i r  u n d e r  p r e s s u r e  t h r o u g h  
s m a l l  p e r f o r a t i o n s  o r  a  p o r o u s  s t o n e .  The s a t i s f a c t o r y  p e r ­
fo rm a n c e  i s  s a i d  t o  d e p en d  on  t h e  p r o d u c t i o n  o f  s m a l l  b u b b l e s  
w h ic h  do n o t  c o a l e s c e  on t h e i r  r i s e  t o  t h e  s u r f a c e .
The c a v i t a t i o n  t e c h n i q u e s  d e p e n d  on  t h e  f o r m a t i o n  o f  
c a v i t a t i o n  v o i d s  w h i c h  a r e  b e l i e v e d  t o  d raw  a i r  i n t o  them .  
T h e s e  su b m e rg ed  v o r t i c e s  d i s s i p a t e  t h e i r  m o t i o n  a n d  f i n a l l y  
r e l e a s e  t h e i r  a i r  " p o c k e t s ’' w h ic h  r i s e  t o  t h e  s u r f a c e .
15
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The a i r - s t r e a m  s h e a r  t e c h n i q u e s  a r e  a n  a t t e m p t  t o  i n d u c e  
s m a l l  b u b b l e  f o r m a t i o n  w i t h o u t  t h e  e x c e s s i v e  p r e s s u r e  r e q u i r e d  
t o  f o r c e  a i r  t h r o u g h  s m a l l  o p e n i n g s .  One t e c h n i q u e  d e p e n d s  
on t h e  b r e a k u p  o f  a  s t r e a m  o f  a i r  f o r c e d  i n t o  t h e  l i q u i d  a t  
h i g h  v e l o c i t i e s .  A r e c e n t  i n n o v a t i o n  i n v o l v e s  a n  a i r  s t r e a m  
i n t r o d u c e d  b e lo w  a r o t a t i n g ,  s o l i d  d i s c .  S a t i s f a c t o r y  r e s u l t s
7 Oh a v e  b e e n  r e p o r t e d  on p a p e r  m i l l  w a s t e s
On c l e a n  l i q u i d s ,  w i t h o u t  e x c e s s i v e  e n t r a i n e d  m a t e r i a l s ,  
t h e r e  seems t o  b e  no r e a s o n  why t h e  c o n v e n t i o n a l  m ass  t r a n s f e r  
d e v i c e s ,  su c h  a s  p a c k e d  o r  p l a t e  co lum ns s h o u l d  n o t  o p e r a t e  
e f f i c i e n t l y .  H e re  i t  i s  p r o b a b l y  a  q u e s t i o n  o f  c o s t  a s  w e l l  
a s  f o u l i n g  an d  c l o g g i n g  due  t o  a c c u m u l a t i o n  o f  s o l i d s .
The l a t t e r  d e v i c e s  w e r e ,  t h e r e f o r e ,  r u l e d  oi3t and  t h e  
t e c h n i q u e s  d i s c u s s e d  by  Kountz  c o n s i d e r e d  i n  m ore  d e t a i l .
I t  i s  i n t e r e s t i n g  t o  exam ine  e a c h  one i n  t h e  l i g h t  o f  t h e  
p r e v i o u s  c h a p t e r s .
I n  t h e  f l o w  o f  t h e  l i q u i d ,  a s  i n  one  o f  t h e  m e c h a n i c a l  
t e c h n i q u e s ,  t h e r e  a p p e a r  o b v i o u s  a d v a n t a g e s .  F i r s t ,  s i n c e  
a i r  s h o u l d  e n t e r  a l l  o v e r  t h e  r o l l i n g  s u r f a c e ,  t h i s  s h o u l d  
f a v o r  a more u n i f o r m  c o m p o s i t i o n .  Seco nd ,  t h e  s u r f a c e  i s  
e x p o s e d  t o  an  e x t r e m e l y  l a r g e  r e s e r v o i r  o f  a i r  ( t h e  f r e e  a t m o s ­
p h e r e ) .  I n  a d d i t i o n ,  t h e  l i q u i d  s u r f a c e  c o o l s  by  e v a p o r a t i o n ,  
c o n v e c t i o n ,  and  r a d i a t i o n ,  f a v o r i n g  t h e  u n d e r t u r n i n g  w h ic h  i s  
o b s e r v e d  i n  n a t u r a l  b o d i e s  o f  w a t e r .  I n  a d d i t i o n ,  t h e  r a t i o
17
o f  s u r f a c e  a r e a  t o  vo lum e can  b e  c o n t r o l l e d ,  t o  some e x t e n t ,  
b y  v a r y i n g  t h e  f l o w  r a t e .  F u r t h e r ,  t h e  pum ping  r e q u i r e m e n t s  
c o u l d  l i k e l y  be  m e t  b y  a r e l a t i v e l y  i n e x p e n s i v e  l o w - l i f t  pump 
f o r  t h e  l i q u i d .
The d i f f u s i o n  t e c h n i q u e s  w o u ld  i n v o l v e  t h e  p r o d u c t i o n  o f  
s m a l l  b u b b l e s  b e lo w  t h e  s u r f a c e .  Power c o s t s  a r e  r a t h e r  h i g h  
a n d  f o u l i n g  i s ,  o f  c o u r s e ,  i n e v i t a b l e .  I n  a d d i t i o n ,  s i n c e  
l a t e r a l  d i f f u s i o n  o f  oxygen  i s  v e r y  s m a l l ,  t h e  a r e a  a b o v e  t h e  
i n t r o d u c t i o n  p o i n t  w ou ld  t e n d  t o  become s a t u r a t e d  r a p i d l y  w i t h  
l i t t l e  c h an g e  even  a  s h o r t  d i s t a n c e  away. E i t h e r  t h e  b u b b l i n g  
r a t e  would  h a v e  t o  b e  h i g h  enough  t o  a c h i e v e  s t i r r i n g  o r  
m e c h a n i c a l  m ix i n g  a n d  c i r c u l a t i o n  w ou ld  h a v e  t o  b e  em p lo y ed .  
T h i s  d e v i c e  h a s  s e e n  m o s t  s u c c e s s  i n  s u c h  w a t e r s  a s  a  f l o w i n g
7 Ar i v e r  ' .
The c a v i t a t i o n  t e c h n i q u e s  w o u ld  t e n d  t o  i n d u c e  t h e i r  own 
m i x i n g ,  b u t ,  o b v i o u s l y ,  t h i s  w o u ld  n o t  be  p a r t i c u l a r l y  u n i f o r m  
n o r  s h o u l d  i t  e x t e n d  v e r y  f a r  r a d i a l l y .  T h i s  t e c h n i q u e  h a s  
s e e n  some d e g r e e  o f  s u c c e s s  a c c o r d i n g  t o  K o u n t z ^ 1, b u t  i n v e s t ­
m e n t  and  o p e r a t i n g  c o s t s  s h o u l d  b e  h i g h .
The a i r - s t r e a m  s h e a r  t e c h n i q u e  i s  so s i m i l a r  t o  t h a t  o f  
t h e  d i f f u s i o n  t e c h n i q u e  t h a t  t h e  p r e c e d i n g  comments a p p l y .
The m a j o r  e x c e p t i o n  b e i n g  t h a t  t h e  l a r g e  s i n g l e  a i r  a p e r t u r e  
s h o u l d  b e  somewhat l e s s  s u b j e c t  t o  f o u l i n g .
CHAPTER XV 
THE TEST APPARATUS
From t h e  p r e c e d i n g  c o n s i d e r a t i o n s ,  p a r t i c u l a r l y  t h e  
econom ic  o n e s ,  i t  was  d e c i d e d  t o  w o rk  on a m e c h a n i c a l  a e r a ­
t i o n  t e c h n i q u e .  The f lo w  m e th o d ,  o v e r  some t y p e  o f  s u r f a c e  
seemed p a r t i c u l a r l y  a t t r a c t i v e  so t h i s  was c o n s i d e r e d  i n
7 5d e t a i l .  K e l l e r  h a d  o b s e r v e d  c o r r u g a t e d ,  g a l v a n i z e d  i r o n  
b e i n g  u s e d  i n  t h e  t r o p i c s  i n  c o o l i n g  t o w e r  c o n s t r u c t i o n ,  w i t h  
s a t i s f a c t o r y  p e r f o r m a n c e .  The d e c i s i o n  was made t o  a d a p t  
t h i s  t o  a m ass  t r a n s f e r  d e v i c e .
T h e r e  b e i n g  n o t h i n g  o f  v a l u e  i n  t h e  l i t e r a t u r e  i n  p r e ­
d i c t i o n  o f  p e r f o r m a n c e  o f  s u c h  a n  a p p a r a t u s ,  t h e  o r i g i n a l  
was made q u i t e  l a r g e .  The a p p a r a t u s  i s  p i c t u r e d  i n  F i g u r e  2.
The o r i g i n a l  a c t i v e  s u r f a c e  was s i x  f e e t  i n  l e n g t h ,  t h r e e  
f e e t  i n  w i d t h ,  o f  one  a n d  o n e - q u a r t e r  i n c h  c o r r u g a t e d  g a l v a n i z e d  
i r o n .  The w in c h  a r r a n g e m e n t  a l l o w e d  t h e  v a r i a t i o n  o f  t h e  
a n g l e  o f  i n c l i n a t i o n  from f i v e  t o  t h i r t y  d e g r e e s  o u t  o f  t h e  
h o r i z o n t a l .  T h ese  s h a l l o w  a n g l e s  w e re  c h o s e n  so  a s  t o  k eep  
p r o b a b l e  c o n s t r u c t i o n  a n d  pum ping  c o s t s  a s  low a s  p o s s i b l e  
f o r  t h e  f i n a l  d e s i g n .
The w a t e r  f l o w  was d i r e c t e d  t h r o u g h  t h e  r o t a m e t e r ,  and 
t h e n  t h r o u g h  t h e  p o s i t i v e  d i s p l a c e m e n t  m e t e r ,  b o t h  h a v i n g
18
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b e e n  c a l i b r a t e d  b y  m eans  o f  a  w e i g h i n g  t a n k .  W a t e r  u s e d  was 
B a t o n  Rouge m u n i c i p a l  w a t e r  a s  o b t a i n e d  t h r o u g h  t h e  U n i v e r s i t y  
d i s t r i b u t i o n  s y s t e m .  F o r  t h e  h i g h e r  t e m p e r a t u r e  r u n s ,  t h e  
w a t e r  was h e a t e d  by  u s e  o f  a  l a b o r a t o r y - s c a l e  f o r c e d  c i r c u l a ­
t i o n  e v a p o r a t o r .
The water issued into a baffled calming tank, over a 
skirted weir, and onto the corrugated surface. Wo attempt 
was made to induce turbulence in the feed or to redistribute 
the liquid down the board.
I n i t i a l l y ,  s a m p l i n g  was  a t t e m p t e d  by  s i p h o n i n g  f rom  t h e  
l i q u i d  i n  t h e  t r o u g h s .  T h i s  p r o v e d  u n s a t i s f a c t o r y  b e c a u s e  o f  
t h e  a p p e a r a n c e  o f  a i r  b u b b l e s  i n  t h e  w a t e r  s a m p l e s .  The sam­
p l i n g  s y s t e m  o f  F i g u r e  3 was i n s t a l l e d  a s  i n d i c a t e d  on F i g u r e
2 .  The f l o w  o f  l i q u i d  down t h e  sa m p le  t u b e ,  i n  a d d i t i o n  t o  
a l l o w i n g  a i r  b u b b l e s  t i m e  t o  d i s e n g a g e  f rom t h e  l i q u i d ,  a l s o  
s e r v e d  t o  i n c r e a s e  t h e  h e a t  t r a n s f e r  t o  t h e  t h e r m o m e t e r  b u l b ,  
m a k in g  t h e  t e m p e r a t u r e  r e a d i n g s  more  r e p r e s e n t a t i v e .
The flow of water directly from the line was adjustable 
up to about f if ty -f iv e  gallons per minute. I f  heating was 
employed, the maximum flow available was reduced to twenty- 
five gallons per minute, due entirely to limitations of the 
pump on the evaporator. Even the maximum flow from the line 
showed the three feet width so effic ient that the width of 
the test section was reduced to one foot.
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Mo a t t e m p t  was made t o  c o n t r o l  t h e  e n v i r o n m e n t .  The 
c i r c u l a t i o n  o f  t h e  a i r  i n  t h e  l a b o r a t o r y  was  u n r e s t r i c t e d .  
A i r  t e m p e r a t u r e  a n d  h u m i d i t y  w e r e  m e a s u r e d  by  u s e  o f  t h e  w e t  
b u l b - d r y  b u l b  a p p a r a t u s .  T h i s  was p l a c e d  so a s  t o  be  a t  t h e  
a v e r a g e  h e i g h t  o f  t h e  b o a rd *  a n d  f o u r  f e e t  t o  t h e  s i d e .
T h i s  was t a k e n  a s  a  m e a s u r e  o f  t h e  ty p e  o f  a i r  b e i n g  drawn 
down t o  t h e  b o a r d  s u r f a c e  by  c o n v e c t i o n .
CHAPTER V
DATA COLLECTION
S a m p le s  w e r e  t a k e n  a t  p o i n t s  1 a n d  4 ( F i g u r e  2 ) ,  B e f o r e  
a  r u n ,  b o t h  s a m p le  p o i n t s  w e r e  f l u s h e d  w i t h  w a t e r  t o  e l i m i ­
n a t e  a n y  d u s t  o r  t r a s h .
F o r  r u n s  made a t  t h e  n a t u r a l  w a t e r  t e m p e r a t u r e ,  t h e  
i n l e t  v a l v e  was  o p e n e d  a nd  w a t e r  a l l o w e d  t o  f l o w  i n t o  t h e  
t a n k  a t  maximum v e l o c i t y .  The b o t t o m  d r a i n  was  l e f t  o p e n .
When t h e  i n l e t  w a t e r  t e m p e r a t u r e  h a d  s t a b i l i z e d  ( l e s s  t h a n  
0 . 1 ° C  c h a n g e  p e r  m i n u t e ) ,  t h e  d r a i n  was  c l o s e d  a n d  t h e  t a n k  
a l l o w e d  t o  f i l l .
The i n l e t  v a l v e  was  a d j u s t e d  t o  g i v e  t h e  d e s i r e d  f l o w  
r a t e  a n d  t h e  a n g l e  o f  i n c l i n a t i o n  s e t  t o  t h e  d e s i r e d  v a l u e .
The p s y c h o m e t r i c  a p p a r a t u s  was s t a r t e d  a n d  a l l o w e d  t o  r e a c h  
i t s  i n i t i a l  s t a t i o n a r y  v a l v e .
The i n i t i a l  r u n  o f  a s e t  o f  r u n s  was m ade  a t  a  h i g h  f l o w  
r a t e ,  s u b s e q u e n t  r u n s  b e i n g  made a t  s u c c e s s i v e  r e d u c t i o n s  i n  
f l o w  r a t e .  T h i s  m e th o d  o f  o p e r a t i o n  a p p e a r e d  t o  r e s u l t  i n  a  
m ore  c o n s t a n t  f l o w  r a t e ,  a l l o w i n g  r u n s  t o  b e  made m o re  r a p i d l y  
a n d  t h u s  w i t h  l e s s  w a t e r  w a s t e .  A t  a l l  t i m e s  s a m p l e s  w e r e  
n o t  b e i n g  t a k e n ,  t h e  s a m p le  p o i n t s  w e r e  a l l o w e d  t o  d r a i n  
f r e e l y .
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The t h i r t y  m i l l i l i t e r  s a m p le  b o t t l e s  w e r e  p l a c e d  on t h e  
sa m p le  p o i n t s ,  a l l o w e d  t o  f i l l  a n d  t h e i r  o u t f l o w  t h r o t t l e d  by  
a s c re w  p i n c h  c lam p so t h a t  e a c h  r a t e  o f  f l o w  was e q u a l  
( m e a s u r e d  by  t i m e d  f lo w  i n t o  a g r a d u a t e d  c y l i n d e r ) , each  
s a m p le  f lo w  b e i n g  m a i n t a i n e d  a s  l e s s  t h a n  o n e  p e r  c e n t  o f  
t h e  t o t a l  f l o w .  The s a m p le s  w e r e  a l l o w e d  t o  f lo w  u n t i l  t h r e e  
h u n d r e d  m i l l i l i t e r s  h a d  p a s s e d  t h r o u g h ,  a t  w h ich  t i m e  t h e  
f l o w  o f  sa m p le  was h a l t e d .  T e m p e r a t u r e s  w e r e  r e a d  a t  t h e  
b e g i n n i n g  a n d  end o f  e a c h  sa m p le  and  t h e  a v e r a g e  r e c o r d e d .
The sam ple  was a n a l y z e d  b y  t h e  sod ium  a z i d e  m o d i f i c a t i o n  o f  
t h e  b a s i c  W i n k l e r  t e s t  f o r  d i s s o l v e d  o x y g e n 3 8 . The o n ly  
d e p a r t u r e  from t h e  s t a n d a r d  t e c h n i q u e  was t h e  u s e  o f  h a l f  
m i l l i l i t e r  a m o u n ts  o f  t h e  m anganous  s u l f a t e ,  sod ium  i o d i d e ,  
a n d  s u l f u r i c  a c i d ,  and  t h e  t h i o s u l f a t e  r e a g e n t  d i l u t e d  to  
1 /4 0 0  n o r m a l .
B a r o m e t r i c  p r e s s u r e  a n d  t e m p e r a t u r e  o f  t h e  b a r o m e t r i c  
s c a l e  w e re  r e a d  a n d  r e c o r d e d  f o r  e a c h  s e t  o f  r u n s .  Wo c h a n g e  
was o b s e r v e d  i n  e i t h e r  d u r i n g  t h e  c o u r s e  o f  any s e t  o f  r u n s .
F o r  t h e  h i g h  t e m p e r a t u r e  r e a d i n g s ,  t h e  l a b o r a t o r y - s c a l e  
f o r c e d  c i r c u l a t i o n  e v a p o r a t o r  was s t a r t e d  a n d  t h e  v a l v e s  
o p e n e d  ( F i g u r e  2) t o  f e e d  i n t o  t h e  c a lm in g  t a n k .  A b s o l u t e  
c o n t r o l  o v e r  t h e  t e m p e r a t u r e  o f  t h i s  w a t e r  was n e v e r  a c h i e v e d .  
A p p a r e n t  l o n g - t e r m  s u r g e s  i n  t h e  w a t e r  l i n e  c a u s e d  m arked  
i n v e n t o r y  c h a n g e s  i n  t h e  e v a p o r a t o r .  The r e s u l t  was  h i g h l y
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variable temperature (several degrees change in le ss  than ten 
minutes). Best results were obtained with a moderate steam 
load, continuous change of temperature and samples taken at 
intermediate values of temperature.
A discussion of analytical checks is in order here. The 
most important factor is  the strength of the thiosulfate 
solution. As might be expected, at high dilutions as used 
here, the material tends to be unstable. It  is  imperative 
that the material be checked before each set of runs, other­
wise much useless data w ill be collected. The thiosulfate was 
standardized by suggested procedures38. There is no observ­
able loss of strength for a week or so after preparation, but 
after that time the loss of strength becomes so rapid that a 
difference can be measured from day to day.
Another major item was the nature of the tap water.
Based on the work of Randall and Failey69, and standard pro­
cedures38, the departure from Henry’s Law behavior was e s t i ­
mated by chloride content, Axialysis showed Baton Rouge water 
to contain one-tenth to one-half the amount required to be 
observable in the experimental values of oxygen content. The 
tap water was assumed to be d istilled  water for these purposes.
The final factor was air composition. While this value 
has been measured with great accuracy, a modern trend has been 
noted6T, with carbon dioxide replacing oxygen to a measurable
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e x t e n t .  An O r s a t  a n a l y s i s  was made o f  t h e  a i r  a t  v a r i o u s  
t i m e s  o f  t h e  day an d  a t  v a r i o u s  t i m e s  o f  t h e  y e a r  w i t h o u t  
o b s e r v i n g  any  c a r b o n  d i o x i d e ,  t h e  oxygen v a l u e  b e i n g  t h e  e x ­
p e c t e d  v a l u e  w i t h i n  t h e  a c c u r a c y  o f  O r s a t  a n a l y s i s .  G o r d i n e r ,  
from h i s  e x p e r i e n c e  w i t h  t h e  B ureau  o f  M in e s ,  h a s  p l a c e d  t h i s  
a c c u r a c y  i n  t h e  r a n g e  o f  one  p e r  c e n t  o f  f u l l  s c a l e
CHAPTER VI
EVALUATION
The f i r s t  s t e p  i n  t h e  e v a l u a t i o n  o f  t h e  a p p a r a t u s  was a 
c l o s e  v i s u a l  o b s e r v a t i o n .  The b e h a v i o r  o f  t h e  w a t e r  i n  f l o w ­
i n g  down t h e  b o a r d  was v e r y  e n l i g h t e n i n g .  At t h e  s h a l l o w e r  
a n g l e s  (5 and  1 0 ° ) ,  t h e  i n i t i a l  b e h a v i o r  was a  g r a d u a l  f i l l i n g  
o f  t h e  b o a r d ,  a s  l i q u i d  f i l l e d  o n e  t r o u g h  and  p r o g r e s s e d  t o  
t h e  n e x t  lo w e r  o n e .  When t h e  b o a r d  was c o m p l e t e l y  c o v e r e d  
by  t h i s  p r o c e s s ,  t h e  f l o w  became p l a c i d .  The g e n e r a l  a p p e a r ­
a n c e  i s  t h a t  o f  a n  i n c l i n e d  p o o l  o f  w a t e r ,  w i t h  a  r e g u l a r  
t r a n s v e r s e  p a t t e r n  o f  r a i s e d ,  r a p i d  f l o w  c o r r e s p o n d i n g  t o  t h e  
r i d g e  l i n e  o f  t h e  c o r r u g a t e d  s u r f a c e .  A.s t h e  f l o w  r a t e  was 
i n c r e a s e d ,  t h e  d e p t h  o f  l i q u i d  on  t h e  b o a r d  a p p e a r e d  t o  i n ­
c r e a s e  and  t h e  r a i s e d  f l o w  o v e r  t h e  r i d g e  l i n e s  became more 
v i o l e n t .  At a  f lo w  r a t e  o f  some t w e n t y - f i v e  g a l l o n s  p e r  
m i n u t e  p e r  f o o t  o f  w i d t h ,  t h i s  f l o w  o v e r  t h e  r i d g e  l i n e  became 
r o d - l i k e ,  and  a t  f o u r t y  g a l l o n s  t h i s  r o d - l i k e  f l o w  became a 
b r e a k i n g ,  t r a n s v e r s e  w a t e r - w a v e  p a t t e r n .  As t h e  f lo w  was i n ­
c r e a s e d  t o  maximum, t h e  b r e a k i n g  o f  t h e  waves  became more  
v i o l e n t  w i t h  v a r i o u s  s i z e s  o f  d r o p s  th ro w n  i n t o  t h e  a i r .  A 
v e r y  com plex  p a t t e r n  o f  choppy  w aves  c o v e r e d  t h e  r e m a i n i n g  
l i q u i d  s u r f a c e  w i t h  t h e  r e s u l t  t h a t  t h e  e n t i r e  s u r f a c e  a p p e a r e d
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violent and undulating. Dye injection techniques were attempted 
to ascertain flow patterns and residence time. These showed 
the flow to be violently rotary in the troughs even at the 
very low flow rates. Dye injected anywhere in the trough or 
in the entering flow was immediately distributed throughout 
the trough. A t these conditions, the existence of a large 
amount of back-mixing was obvious.
A t t h e  s t e e p e r  a n g l e s  (30°  a n d  2 5° )  t h e  p i c t u r e  c h a n g e d  
r a d i c a l l y .  As f l o w  was b e g u n ,  t h e r e  a p p e a r e d  t o  b e  no 
‘' i n d u c t i o n ' *  p e r i o d  i n  w h i c h  t h e  l i q u i d  p r o g r e s s i v e l y  f i l l e d  
t r o u g h s  b u t  r a t h e r  t h e  o r i g i n a l  f l o w  a p p e a r e d  t o  move down t h e  
b o a r d  a s  a n  e n t i t y ,  f o l l o w e d  b y  a  v i o l e n t ,  u n d u l a t i n g  c o n t i n u o u s  
s h e e t  o f  w a t e r .  A t  a l l  f l o w  r a t e s  t h e  s u r f a c e  c o n s i s t e d  o f  
b r e a k i n g  w a v e s .  A t  h i g h e r  f l o w  r a t e s ,  t h e  f l o w  was so c h a o t i c  
a s  t o  d e f y  d e s c r i p t i o n .  S p l a s h i n g  became q u i t e  p r o n o u n c e d  
a n d  a v e r y  l a r g e  num ber  o f  d r o p s  was e x p e l l e d  from t h e  s u r f a c e  
a t  v a r i o u s  o r i e n t a t i o n s  f rom  n o r m a l  t o  f lo w  t o  p a r a l l e l  t o  
f l o w .  T h e s e  d r o p s  w e r e  o b s e r v e d  t o  r i s e  some t h r e e  f e e t  o r  
so  a b o v e  t h e  p o i n t  o f  o r i g i n .  Dye i n j e c t i o n  t e c h n i q u e s  w e re  
c o m p l e t e l y  u s e l e s s  h e r e .
A t  i n t e r m e d i a t e  v a l u e s  o f  t h e  a n g l e  o f  i n c l i n a t i o n ,  t h e  
b e h a v i o r  was somewhat  s u r p r i s i n g .  As t h e  a n g l e  was made more 
s h a l l o w ,  t h e  f l o w  a p p e a r e d  l e s s  c h a o t i c  f o r  a  g i v e n  f l o w  r a t e .  
The e f f e c t  was n o t  m a rk e d  h o w e v e r  u n t i l  v e r y  s h a l l o w  a n g l e s
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were reached (10° and 5°) at which time the transition was 
apparent. There appeared, therefore, to be two modes of flow, 
more conditioned by the angle of inclination than by the flow 
rate per se.
A f t e r  t h e  n u m e r i c a l  d a t a  was o b t a i n e d ,  t h e  f u n d a m e n t a l  
q u e s t i o n  a r o s e  a s  t o  w h a t  m etho d  o f  p r e s e n t a t i o n  would  b e  o f  
t h e  g r e a t e s t  v a l u e .  W h i le  t h e  v a r i o u s  c l o s e d  c o n d u i t  s i t u a ­
t i o n s  h a v e  b e e n  s t u d i e d  i n  d e t a i l ,  o f  w h ic h  t h e  S e l e c t e d  
B i b l i o g r a p h y  l i s t s  a  few (7, 10, 11, 23,  30, 3 3 ,  AO), t h e  
l i t e r a t u r e  i s  s i l e n t  on t h e  p ro b lem  a t  h a n d .  G a u t r e a u x  h a s  
a p p l i e d  a n  i n t e r e s t i n g  t y p e  o f  a n a l y s i s 15 to  f a l l i n g  l i q u i d  
c u r t a i n s  i n  a  d i r e c t  c o n t a c t  e x c h a n g e r .  The G a u t r e a u x  a n a l y s i s  
i s  a  s y n t h e s i s  o f  d i m e n s i o n a l  a n a l y s i s  a n d  d i r e c t  m a t h e m a t i c a l  
a n a l y s i s ,  c o n s i d e r i n g  t h e  b r e a k u p  o f  t h e  f a l l i n g  l i q u i d  c u r t a i n  
i n t o  d r o p l e t s .  I t  i s  o b v io u s  t h a t  no s u c h  m ode l  would b e  o f  
u s e  h e r e .  Based  on t h e  f i n d i n g s  o f  Gameson6 0 , a s  f a r  a s  
oxygen  a b s o r p t i o n  i s  c o n c e r n e d ,  t h e  e f f e c t i v e  f a c t o r  i s  n o t  
t h e  f a l l i n g  c u r t a i n  and  i t s  b r e a k u p  i n t o  d r o p l e t s  b u t  r a t h e r  
t h e  s p l a s h  and  m ix i n g  g e n e r a t e d  by  i m p a c t .
A somewhat s u r p r i s i n g  o b s e r v a t i o n  i s  t h a t  o f  no c h an g e  
i n  t e m p e r a t u r e  o f  t h e  w a t e r  a s  i t  p a s s e s  down t h e  b o a r d .  
M e rcu ry  i n  g l a s s  t h e r m o m e te r s  w e re  u s e d ,  g r a d u a t e d  i n  0 .2 ° C  
i n c r e m e n t s ,  and  no d i f f e r e n c e  i n  i n l e t  and  o u t l e t  t e m p e r a t u r e  
e v e r  o b s e r v e d .
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T h i s  i s o t h e r m a l  c o n d i t i o n  g r e a t l y  s i m p l i f i e d  t h e  c a l c u l a ­
t i o n s .  I n  o r d e r  t h a t  t h i s  a p p a r a t u s  m i g h t  b e  com pared  w i t h  
o t h e r  m ass  t r a n s f e r  d e v i c e s ,  i t  was d e c i d e d  t o  c a l c u l a t e  a 
number  o f  v a l u e s  from e a c h  s e t  o f  d a t a .  An a v e r a g e  KTa was
c a l c u l a t e d  from I I - 4  c a s t  i n  i n t e g r a t e d  fo rm 3 3 . The Nt v a l u e  
was  c a l c u l a t e d  d i r e c t l y  from I I - 6 .  By d i v i s i o n  o f  t h i s  Nt  
v a l u e  b y  t h e  l i n e a r  d i s t a n c e  b e tw e e n  sa m p le  p o i n t s ,  t h e  n t  
v a l u e  xcas o b t a i n e d .  T h i s  n t  v a l u e  i s  s e e n  t o  b e  t h e  num ber  
o f  t r a n s f e r  u n i t s  p e r  f o o t  o f  l e n g t h ,  r .  Hence I X - 6  can  b e  
w r i t t e n
V I -3  makes p o s s i b l e  t h e  d i r e c t  c a l c u l a t i o n  o f  e x i t  c o n c e n t r a ­
t i o n  f o r  a g i v e n  Cx i f  C*, n t , a n d  r  a r e  known.
I n  A p p e n d ix  I I I ,  v a l u e s  o f  n t , K^a, a n d  Ht  a r e  t a b u l a t e d  
a t  v a r i o u s  t e m p e r a t u r e s  a n d  f lo w  r a t e s .  F i g u r e  4 p r e s e n t s  
t h e  r e s u l t s  o f  t h e  s t u d y  o f  t h e  e f f e c t  o f  f lo w  r a t e  on n t  a t  
v a r i o u s  a n g l e s  o f  i n c l i n a t i o n .  The l i n e s  w e re  f i t t e d  b y  t h e
common ,Tl e a s t - s q u a r e s "  t e c h n i q u e .  The c o r r e l a t i o n  p r o v e d  t o
V I - 1
o r
exp ( n t r )  - (C* -  C2)
V I - 2
w h ic h  can  b e  r e a r r a n g e d  to
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be not of significance so the hypothesis that the
lines have slope is rejected. In other words, nt i s  indepen­
dent of flow rate over the range of flow rates studied.
F i g u r e  5 p r e s e n t s  t h e  d a t a  r e p r e s e n t e d  by  h o r i z o n t a l  l i n e s  
t h r o u g h  t h e  mean n t , ( n t ) .  I f  t h i s  n t  i s  p l o t t e d  a g a i n s t  t h e  
s i n e  o f  t h e  a n g l e  o f . i n c l i n a t i o n ,  F i g u r e  6 r e s u l t s .  I t  w o u ld  
seem t h a t  t h e  v i s u a l  o b s e r v a t i o n s  o f  t h e  e f f e c t  o f  t h e  a n g l e  
o f  i n c l i n a t i o n  on  t h e  a p p e a r a n c e  o f  f lo w  a r e  r e f l e c t e d  i n  t h e  
a b s o r p t i o n  b e h a v i o r .  F o r  t h e  r a n g e  o f  a n g l e s  f rom  30 t o  1 5 ° ,  
i t  i s  s e e n  t h a t  t h e  d e c r e a s e  o f  n t  i s  l i n e a r  w i t h  s i n e  0 .
F o r  0 ’ s o f  5° a n d  10° ,  a n o t h e r  l i n e  i s  r e q u i r e d .  From F i g u r e  6, 
n t  c a n  a l s o  b e  e s t i m a t e d  f o r  a l l  o f  t h e  i n t e r m e d i a t e  a n g l e s  
o f  i n c l i n a t i o n ,  t h e  r a n g e  0 f rom 15° t o  10° b e i n g  a p p r o x i m a t e d  
by  e x t r a p o l a t i o n  o f  t h e  two l i n e s .
The e f f e c t  o f  t e m p e r a t u r e  on n t  a t  a 0 o f  30° i s  shown 
i n  F i g u r e s  7 a n d  8, I n  F i g u r e  7 ,  t h e  s l o p e s  o f  t h e  h i g h  
t e m p e r a t u r e  l i n e  was a l s o  f i t t e d  b y  a " l e a s t  s q u a r e s ' 1 t e c h ­
n i q u e ,  a g a i n  w i t h o u t  a  s i g n i f i c a n t  c o r r e l a t i o n .  So t h i s ,  t o o ,  
was r e p r e s e n t e d  by a  h o r i z o n t a l  l i n e  p a s s i n g  t h r o u g h  n t . I t  
i s  s e e n  t h a t  t h i s  r e s u l t s  i n  a  l i n e  abo v e  t h a t  f o r  t h e  l o w e r  
t e m p e r a t u r e ,  w h i c h  i s  i n  a g r e e m e n t  w i t h  o b s e r v a t i o n  a n d  t h e o r y  
a s  a l r e a d y  d i s c u s s e d .
The difference appears quite small, however, so as a 
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t h e s e  d a t a  a r e  f i t t e d  w i t h  t h e i r  " l e a s t  s q u a r e s "  l i n e ,  i t  i s  
a p p a r e n t  t h a t  t h e  t r e n d  i s  r i g h t  ( i n c r e a s e  i n  n t  w i t h  t e m p e r a ­
t u r e )  b u t  b e c a u s e  o f  t h e  v e r y  s m a l l  d i f f e r e n c e  a s  i n d i c a t e d  
i n  F i g u r e  7, t h e  c o r r e l a t i o n  i s  n o t  s i g n i f i c a n t .  I n  o t h e r  
w o r d s ,  b e c a u s e  o f  e x p e r i m e n t a l  a c c u r a c y  and t h e  v e r y  s m a l l  
e f f e c t  a p p a r e n t  i n  F i g u r e  7 ,  a  good c o r r e l a t i o n  w o u ld  o n l y  
b e  a  m a t t e r  o f  l u c k .  I n  t h i s  l i g h t ,  F i g u r e  8 c a n  be  lo o k e d  
on a s  s u p p o r t i n g  F i g u r e  7 , w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  
a c c u r a c y .
The p r o b le m  would  seem t o  be  r e s o l v e d  f o r  p h y s i c a l  
e q u i l i b r i a  o v e r  t h e  f l o w  r a t e s  a n d  t e m p e r a t u r e s  i n v o l v e d .
I t  i s  l o g i c a l  t h e n  t o  q u e s t i o n  how t h e  a p p a r a t u s  m i g h t  b e h a v e  
on t h e  b i o c h e m i c a l  e q u i l i b r i a  s y s t e m s  o f  i n t e r e s t .  F o r  h i g h l y  
r e a c t i v e  s y s t e m s ,  sod ium  s u l f i t e  o x i d a t i o n  i n  s o l u t i o n  h a s
b e e n  s u g g e s t e d  a s  a  f a i r l y  r e p r o d u c i b l e  i o n i c  a n a l o g u e  o f  t h e
b i o c h e m i c a l  s y s t e m 1 3 . F o r  d i l u t e  s o l u t i o n s ,  s u c h  a s  t h e  c an e  
w ash  w a t e r ,  t h e  r e s u l t s  s h o u l d  be  e s s e n t i a l l y  t h o s e  f o r  p u r e
13 ,59w a t e r
To a p p l y  t h i s  t o  a n y  w a s t e  s o l u t i o n ,  i t  w o u ld  b e  d e s i r a b l e  
t o  c o n d u c t  p i l o t  p l a n t  s t u d i e s  on t h e  a c t u a l  w a s t e  s o l u t i o n  
i n v o l v e d " - .  I n  t h e  a b s e n c e  o f  s u r f a c e  a c t i v e  a g e n t s ,  w h ic h  
h a v e  b e e n  shown t o  be  a  m a j o r  f a c t o r  i n  oxygen a b s o r p t i o n 5 9 , 
a s  a  f i r s t  a p p r o x i m a t i o n  t h e  v a l u e s  a n d  p l o t s  f o r  p u r e  w a t e r
m i g h t  b e  u s e d  d i r e c t l y .  T h i s  t e c h n i q u e  i s  i l l u s t r a t e d  by
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e x a m p le s  i n  A p p e n d ix  I I .  T h i s  s h o u l d  b e  a v e r y  good a p p r o x i ­
m a t i o n  s i n c e  t h e  d a t a  o f  W h e e l e r 44 i n d i c a t e  a r e a c t i o n  
h a l f - l i f e  o f ,  u n d e r  optimum c o n d i t i o n s ,  f o u r  t o  t e n  h o u r s .  
A c t u a l l y ,  i f  t h e  e r r o r  i n d u c e d  i s  due  t o  t h e  i n v o l v e m e n t  o f  
t h e  g a s e o u s  o x y g e n  i n  t h e  b i o l o g i c a l  s u b s t r a t e s ,  t h e n  t h i s  
w o u ld  u n d e r e s t i m a t e  t h e  a c t u a l  p e r f o r m a n c e  o f  t h e  u n i t .  I n  
o t h e r  w o rd s ,  t h e  u n i t  would  p e r f o r m  b e t t e r  t h a n  i t  w o u ld  on 
p u r e  w a t e r ,  i f  m e a s u r e d  i n  t e r m s  o f  p h y s i c a l  e q u i l i b r i a  n j - ' s .
1 2  23 ,
A . lso ,  t h e r e  i s  some e v i d e n c e  i n  t h e  l i t e r a t u r e  * t h a t  b u l k  
t u r b u l e n c e  a i d s  t h e  o r g a n i s m  i n  i t s  u t i l i z a t i o n  o f  t h e  g a s e o u s  
o x y g e n .
So t h i s  d e v i c e  a p p e a r s  t o  be  o f  g r e a t  v a l u e  f o r  i t s  
s p e c i f i c  p u r p o s e .  F o r  t h e  g e n e r a l  f i e l d  o f  m ass  t r a n s f e r ,  
h o w e v e r ,  a  c o m p a r i s o n  i s  i n  o r d e r .  I f  t h e  r e s u l t s  o f  t h i s  
s t u d y  a r e  com pared  w i t h  t h e  d a t a  o f  Sherwood a n d  H o l lo w a y 40 
f o r  d e s o r p t i o n  o f  o x y g en  f rom  w a t e r  o v e r  1 . 5  i n c h  R a s c h i g  
r i n g s ,  i f  d e s o r p t i o n  and  a b s o r p t i o n  b e  c o n s i d e r e d  e q u i v a l e n t ,  
t o  e q u a l  t h e  p e r f o r m a n c e  o f  t h i s  one  f o o t  w id e  c h a n n e l  w ou ld  
r e q u i r e  a p a c k e d  column o f  some 1 .2 7  f e e t  i n  d i a m e t e r .  I n  
a d d i t i o n ,  s i n c e  t h e  c a s c a d e  b o a r d  i s  a b l e  t o  d e l i v e r  t h i s  
p e r f o r m a n c e  w i t h  a  s t a t i c  g a s  p h a s e ,  a  r a t h e r  i n t e r e s t i n g  
q u e s t i o n  a r i s e s .  How n e c e s s a r y  o r  c o r r e c t  a r e  t h e  m ass  
t r a n s f e r  c o n c e p t s  w h ic h  h o l d  t h a t  e f f i c i e n t  t r a n s f e r  i s  b e s t  
a c h i e v e d  by  a  g e o m e t r i c a l l y  l a r g e  i n t e r f a c i a l  a r e a ?  I t  i s
b e c a u s e  o f  t h i s  n o t i o n  t h a t  t h e  a t t e m p t  i s  made t o  d i s p e r s e  
o n e  p h a s e  i n  a n o t h e r .  I f  t h i s  i s  d o n e ,  o n e  m u s t  a c c e p t  a 
l a r g e  s e n s i t i v i t y  t o  t h e  l i q u i d  a n d  v a p o r  f l o w  r a t e s 1 2 . I n  
t h e  c a s c a d e  b o a r d ,  h o w e v e r ,  t h e  s o l u t i o n  m i g h t  b e  f o u n d ,  
a l t h o u g h  much m ore  d e v e l o p m e n t  w o r k  m u s t  y e t  b e  d o n e .  T h i s  
d e v i c e  w o u l d  seem t o  a c h i e v e  e x c e l l e n t  m ass  t r a n s f e r  b y  i n t e r ­
f a c i a l  r e n e w a l ,  c o i n c i d e n t a l  t o  n a t u r a l  g r a v i t y  f l o w ,  b e i n g  
r a t h e r  i n s e n s i t i v e  t o  f l o w  r a t e s  o v e r  t h e  r a n g e  a n d  f o r  t h e  
s y s t e m  s t u d i e d .  The n e x t  l o g i c a l  s t e p  i n  t h e  g e n e r a l  d e v e l o p ­
m e n t  o f  t h i s  a p p a r a t u s  w o u ld  b e  t h e  c o n s t r u c t i o n  o f  a  p i l o t  
p l a n t  s c a l e  u n i t  i n  w h ic h  t h e  b o a r d  w o u ld  b e  e n c l o s e d  so t h a t  
t h e  g a s  p h a s e  c o u l d  be  c o n t r o l l e d  i n  v e l o c i t y ,  t e m p e r a t u r e  
a n d  c o m p o s i t i o n .  I n  t h i s  f a s h i o n  v a r i o u s  s y s t e m s  c o u l d  b e  
s t u d i e d  f o r  d i s t i l l a t i o n ,  d e s o r p t i o n ,  a b s o r p t i o n  a n d  so  f o r t h .
I t  w o u l d  seem i m p o s s i b l e  t o  o v e r e s t i m a t e  t h e  p o t e n t i a l  
o f  t h i s  d e v i c e .  I f  t h e  f l o w  r a t e  i n d e p e n d e n c e  h o l d s  f o r  
o t h e r  s y s t e m s  t h i s  w ou ld  mean a d e v i c e  i n  w h ic h  s u r g e s  i n  
f l o w  r a t e  w o u ld  b e  r e d u c e d  t o  m i n o r  i m p o r t a n c e .  I n  t h e  a p ­
p l i c a t i o n  t o  c h e m i c a l  r e a c t o r s ,  b y  m e r e l y  s e t t i n g  t h e  a n g l e  
o f  i n c l i n a t i o n  b y  d e s i g n ,  t h e  op t im um  c o m b i n a t i o n  o f  r e s i d e n c e  
t i m e ,  t u r b u l e n c e ,  a n d  b a c k  m i x i n g  m i g h t  b e  o b t a i n e d .  I f  t h e  
s u r f a c e  w a s  com posed  o f  a  c a t a l y s t ,  t h e  p r o b l e m  o f  s t r a t i f i ­
c a t i o n  a n d  d i f f u s i o n a l  c o n t r o l l e d  r e a c t i o n  a t  t h e  s u r f a c e  
m i g h t  b e  r e s o l v e d .  I n  t h e  c a s e  o f  h e a t  e x c h a n g e r s ,  t h e
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a p p l i c a t i o n  o f  t h e  c a s c a d e  b o a r d  s h o u l d  p r o v e  o f  v a l u e .  Hot  
a n d  c o l d  m a t e r i a l  m i g h t  b e  d i r e c t e d  t h r o u g h  a l t e r n a t e  l a m i n a e ,  
r e s p e c t i v e l y ,  o f  t h i s  t y p e  o f  s u r f a c e .  The same m e c h a n i c a l  
i n t e r a c t i o n  b e tw ee n  f l u i d  a n d  s u r f a c e  w h ic h  r e s u l t s  i n  t h e  
t u r b u l e n c e  o v e r  t h e  b o a r d  s h o u l d  r e s u l t  i n  a  s a t i s f a c t o r y  
h e a t  f l u x ,  from t h e  c l a s s i c a l  a n a l o g y  c o n c e p t s 1 0 j 1 1 , 3 9 .
CHAPTER V I I  
THEORETICAL MODEL
I t  i s  t h e  p u r p o s e  o f  t h i s  c h a p t e r  t o  i l l u s t r a t e  how t h e  
r a t h e r  s u r p r i s i n g  r e s u l t s  o f  t h e  p r e c e d i n g  c h a p t e r  can  b e  
b r o u g h t  i n t o  f o c u s  b y  a s i m p le  p h y s i c a l  m o d e l .  The f o l l o w i n g  
a s s u m p t i o n s  a r e  made:
1. The l i q u i d  d o e s  n o t  f lo w  a s  a n  e n t i t y  b u t  r a t h e r  a s  a
t r a i n  o f  u n i f o r m  c y l i n d e r s ,  whose a x e s  a r e  t r a n s v e r s e  to  
t h e  b o a r d .
2. T h e r e  i s  n e g l i g i b l e  i n t e r a c t i o n  b e tw e e n  c y l i n d e r s .
3.  The laws o f  c l a s s i c a l  m e c h a n i c s  a r e  v a l i d .
4 .  The o n l y  e x t e r n a l  f i e l d  i s  g r a v i t y  w h ic h  i s  c o n s t a n t  i n
m a g n i t u d e  a n d  d i r e c t i o n  ( 3 2 . 2  f t / ( s e c o n d )  ) downw ards .
I f  one  c o n s i d e r s  a  one  f o o t  l e n g t h  o f  s u r f a c e ,  i n c l i n e d  a t  an  
a n g l e  o f  0 , a m e c h a n i c a l  e n e r g y  b a l a n c e  can  b e  w r i t t e n  a s  
f o l l o w s ,  f o r  a  s i n g l e  c y l i n d e r  o f  f l u i d
a (t L +  TR *  = V I I -1
w h e re  (1 i s  a  d i s s i p a t i v e  f u n c t i o n ,  w h ic h  i n c r e a s e s  i n  a  one  
t o  o n e  c o r r e s p o n d e n c e  t o  t h e  v a l u e  o f  t h e  sum on t h e  l e f t .  
T h i s  i s  n o t ,  n e c e s s a r i l y ,  t h e  common i n t e r n a l  d i s s i p a t i o n  
f u n c t i o n 4 a s  e n e r g y  can  a l s o  go i n t o  w ork  on t h e  s u r r o u n d i n g
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a t m o s p h e r e  a nd  t h e  b o a r d  s u r f a c e .
I n  a  p e r f e c t l y  g e n e r a l  c a s e ,  i t  w o u ld  seem t h a t  many 
inodes o f  b e h a v i o r  may b e  r e p r e s e n t e d  b y  0,. Some o f  t h e s e  
m e c h a n i s m s  ( s u c h  a s  b u l k  m i x i n g )  s h o u l d  e n h a n c e  m ass  t r a n s ­
f e r  a n d  o t h e r s  ( s u c h  a s  w o rk  a g a i n s t  t h e  a t m o s p h e r e )  s h o u l d  
h a v e  no  e f f e c t .
I f  t h e  s t a t e  o f  t h e  s c i e n c e  w e r e  s u c h  t h a t  m o d ern  q uan tum  
m e c h a n i c s  c o u l d  b e  a p p l i e d  t o  t h e  l i q u i d  s t a t e ,  s u c h  e f f e c t s  
m i g h t  b e  c a l c u l a t e d  d i r e c t l y .  A t  a l e s s  r i g o r o u s  l e v e l ,  i f  
t h e  c o n t r i b u t i n g  f a c t o r s  c o u l d  b e  e s t i m a t e d ,  " i r r e v e r s i b l e  
t h e r m o d y n a m i c s "  m i g h t  b e  a p p l i e d .  The q u e s t i o n  w o u ld  t h e n  
a r i s e :  how do t h e s e  f a c t o r s  com bine?  I n  g e n e r a l  d i s c u s s i o n s ,
s u c h  a s  t h a t  o f  B i r d ,  C u r t i s s ,  a n d  H i r s c h f e l d e r 4 , t h e  e q u a ­
t i o n s  a r e  f r a m e d  i n  a g e n e r a l i z e d  t e n s o r  n o t a t i o n .  T h i s  
w o u l d ,  o f  c o u r s e ,  e n a b l e  one  t o  s h i f t  t h e  d i f f i c u l t y  f rom  
t h e  e q u a t i o n  t o  t h e  t e n s o r ,  w h i c h  i s  no  h e l p  i n  t h e  p r o b l e m  
a t  h a n d .  I n  t h i s  l i g h t ,  t h e  d i s s i p a t i v e  f u n c t i o n  w i l l  b e  
r e p r e s e n t e d  b y  a  s c a l a r  sum o f  two t e r m s ,  o n e  o f  w h i c h  i s  
e f f e c t i v e  f o r  m a s s  t r a n s f e r  a n d  t h e  o t h e r  o f  w h i c h  i s  n o t  
e f f e c t i v e  f o r  m ass  t r a n s f e r ,  o r  a s
a  =  n e  +  f i i  v n - 2
I n  t h i s  c a s e ,  V I I - 1  w o u ld  become
A ( T l  +  T r  +  Z )  = ~ A(fie +  f i i )  V I I - 3
F o r  t h e  m o d e l  p o s t u l a t e d ,  a  c l o s e  c o n s i d e r a t i o n  o f  t h e  sum 
on  t h e  l e f t  i s  i n  o r d e r .  F o r  a  c y l i n d e r  r o l l i n g  on  a n  i n ­
c l i n e d  s u r f a c e ,  w i t h  f r i c t i o n ,  t h e  l i n e a r  a n d  r o t a r y  k i n e t i c  
e n e r g i e s  a r e  n o t  t r u l y  i n d e p e n d e n t .  I f  t h e  c y l i n d e r  b e g a n  t o  
r u n  u p w a r d s ,  t h e  e f f e c t  on  t h e  l i n e a r  v e l o c i t y  w o u ld  b e  a  d e ­
c r e a s e ,  b u t  t h i s  w o u ld  r e s u l t  i n  a n  a b n o r m a l l y  h i g h  r o t a r y  
v e l o c i t y ,  w h ic h  w o u ld  s e r v e  t o  a c c e l e r a t e .  So i t  i s  a p p a r e n t  
t h a t  t h e  i n t e r a c t i o n  b e t w e e n  l i q u i d  c y l i n d e r  a n d  b o a r d  s u r f a c e  
w o u ld  s e r v e  a s  a  p l a u s i b l e  m e c h a n i sm  b y  w h i c h  t h e  sum (T^ +  T^) 
c o u l d  f u n c t i o n  a s  a  s i n g l e  v a r i a b l e .  I f  i t  i s  t h e n  a s su m e d  
b e y o n d  a  c e r t a i n  e n t r a n c e  r e g i o n ,  t h i s  v a r i a t i o n  i s  e s s e n ­
t i a l l y  c y c l i c ,  t h e n  o v e r  a  f i n i t e  l e n g t h  (w h ic h  i s  a  m u l t i p l e  
o f  c o r r u g a t i o n  l e n g t h )  t h e  k i n e t i c  e n e r g y  t e r m s  c o u l d  b e  
n e g l e c t e d ,  i n  w h i c h  c a s e  V I I - 3  w o u ld  become
A(-S- 2 )  = - M ^ e  +  & ± )  V I I “ 4BC
By c o m p a r i s o n  w i t h  t h e  d a t a  o b t a i n e d ,  t h i s  c a n  b e  s e e n  
t o  be  i n  a g r e e m e n t .  I n  o t h e r  w o r d s ,  s i n c e ,  b y  t r i g o n o m e t r y ,
2 i s  g i v e n  by  s i n e  0 f o r  a  l e n g t h  o f  one  f o o t ,  a  l i n e a r  r e ­
l a t i o n s h i p  s h o u l d  r e s u l t  b e t w e e n  m ass  t r a n s f e r  p e r f o r m a n c e  
an d  s i n e  0,  i f  t h e  p r o p e r  r e l a t i o n  b e tw e e n  a n d  e x i s t .  
S i n c e ,  f rom  F i g u r e  6 , s u c h  a  r e l a t i o n  a p p a r e n t l y  d o e s  e x i s t ,  
t h i s  m u s t  b e  t h e  c a s e .
I n  t h i s  l i g h t ,  t h e n ,  i t  seem s p r o p e r  t h a t  V I I - 4  b e
r e c a s t  a s
VII-5
The v a l i d i t y  o f  t h i s  o p e r a t i o n  i s  n o t  i m m e d i a t e l y  a p p a r e n t .  
I n  o r d e r  t o  c l a r i f y  m a t t e r s ,  i t  seems b e s t  t o  e v a l u a t e  ,Qe 
w i t h  r e s p e c t  t o  some r e f e r e n c e  s t a t e .  The m o s t  a d v a n t a g e o u s  
i s  t h a t  o f  a  d e g r e e  o f  p e r f o r m a n c e  w h ic h  w o u ld  r e s u l t  i n  one  
t r a n s f e r  u n i t  p e r  f o o t  o f  l e n g t h .  From V I I - 5 ,  t h e n
S i n c e  t h i s  e q u a t i o n  i s  v a l i d  i f ,  a n d  o n l y  i f ,  Z i s  d e c r e a s i n g  
( s i t u a t i o n  o f  n a t u r a l  g r a v i t y  f l o w ) ,  a nd  s i n e  0  c a n  b e  s u b ­
s t i t u t e d  f o r  Z, V I I - 6  becom es
T h i s  p r e d i c t s  a l i n e a r  d e p e n d e n c e  o f  on s i n e  0 ,  w i t h  
n e g a t i v e  i n t e r c e p t ,  w h ic h  i s  t h e  e x a c t  b e h a v i o r  o f  t h e  lo w e r  
a n g l e  p o r t i o n  o f  t h e  p l o t  ( F i g u r e  6 ) .
F o r  t h e  s m a l l e r  a n g l e  p l o t  t h e  i n t e r c e p t  a p p e a r s  p o s i t i v e .  
T h i s  n e e d  c a u s e  no c o n c e r n  when i t  i s  r e a l i z e d  t h a t ,  a s  p r e ­
v i o u s l y  d i s c u s s e d ,  h o l d u p  a p p e a r s  s i g n i f i c a n t  a t  t h e s e  lo w e r  
a n g l e s .  A somewhat  d i f f e r e n t  m od e l  w o u ld  b e  r e q u i r e d ,  i n  
w h ic h  one  m i g h t  assum e  t h e  p r i m a r y  a b s o r p t i o n  s i t e s  w e re  t h e  
p o o l s  o f  l i q u i d  i n  t h e  t r o u g h s .  I f  i t  was t h e n  a ssu m e d  t h a t
V I I - 6
V I I -7
t h e  l i q u i d  c r o s s e d  t h e  r i d g e s  a s  c y l i n d e r s ,  t h e n  t h e  e n e r g y  
a v a i l a b l e  f o r  m i x i n g  w o u ld  b e  a p p r o x i m a t e d  by  (a Z ) .  TheSC
r e s u l t  w o u ld  b e  f o r m a l l y  t h e  same a s  V I I - 7 ,  e x c e p t  t h e r e  w ould  
b e  a p o s i t i v e  i n t e r c e p t  c o r r e s p o n d i n g  t o  t h e  m i x i n g  c h a r a c t e r ­
i s t i c  o f  z e r o  i n c l i n a t i o n .  Thus F i g u r e  6 i s  c a p a b l e  o f  s i m p l e  
e x p l a n a t i o n  a n d  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t  a r e  n o t ,  a f t e r  
a l l ,  so s u r p r i s i n g .
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APPENDIX I
LIST OF SYMBOLS
a - C o n s t a n t  o f  p r o p o r t i o n a l i t y  b e tw e e n  0 e and  n fc.
a - I n t e r f a c i a l  a r e a  o f  m ass  t r a n s f e r .
A - C r o s s  s e c t i o n  a r e a  o f  m ass  t r a n s f e r  a p p a r a t u s .
b g - T h i c k n e s s  o f  g a s  f i l m ,
b l - T h i c k n e s s  o f  l i q u i d  f i l m .
0 - C o n s t a n t  o f  p r o p o r t i o n a l i t y  b e tw e e n  n t  and  s i n e  $ .
G - C o n c e n t r a t i o n .
C* - S a t u r a t i o n  c o n c e n t r a t i o n .
CbG ~ C o n c e n t r a t i o n  i n  b u l k  o f  g a s  p h a s e .
CiG - C o n c e n t r a t i o n  a t  g a s  i n t e r f a c e .
CbL - C o n c e n t r a t i o n  i n  b u l k  o f  l i q u i d  p h a s e .
Ci L - C o n c e n t r a t i o n  a t  l i q u i d  i n t e r f a c e .
% - C o e f f i c i e n t  o f  m o l e c u l a r  d i f f u s i o n .
A - Change o p e r a t o r .
5 - E r r o r  o p e r a t o r .
E - C o e f f i c i e n t  o f  eddy  d i f f u s i v i t y .
g - A c c e l e r a t i o n  o f  g r a v i t y .
Sc C o n v e r s i o n  f a c t o r  f o r  c h e m i c a l  e n g i n e e r i n g  s y s te m  o f  
u n i t s  i n  w h ic h  b o t h  m ass  and  f o r c e  a r e  t a k e n  a s  
f u n d a m e n t a l  u n i t s .
GPMF - F lo w  r a t e  i n  g a l l o n s  p e r  m in u t e  p e r  l a t e r a l  f o o t  o f  
c h a n n e l .
53
Enthalpy.
Henry's Law Constant, solute i  in solvent j .
Height of a transfer unit.
Modified Henry's Law Constant (  j, for oxygen
in water. V ij /
Coefficients of mass transfer based on individual 
gas and liquid films respectively.
Overall coefficient of mass transfer, based on liquid 
film.
Molal flow rate of liquid.
Liquid flow rate in GPMF.
Rate of transfer of component A through the gas film.
Rate of transfer of component A through the liquid 
film.
Number of transfer units.
Number of transfer units per foot of length.
Mean nt .
Maximum likelihood estimate of nt.
Dissipative function for mechanical energy balance.
Portion of dissipative function effective for mass 
transfer.
Angle of inclination out of the horizontal. 
Danckwert's age distribution factor.
Length.
Correlation coefficient.




T e m p e r a t u r e  i n  °F .
K i s h i n e v s k i i ’ s mean l i f e  o f  eddy  a t  s u r f a c e .
A b s o l u t e  t e m p e r a t u r e .
Linear kinetic energy (based on translation of 
center of gravity).
Rotary kinetic energy (based on rotation about 
center of gravity).
Therm odynam ic  c o n c e n t r a t i o n  o f  co m p o nen t  A a t  p o i n t  1, 
T herm odynam ic  c o n c e n t r a t i o n  o f  com ponen t  A a t  p o i n t  2 . 
Norm al  d i s p l a c e m e n t  a b o v e  a r b i t r a r y  da tu m  p l a n e .
APPENDIX I I  
DESIGN CALCULATIONS
JL. A m i l l  p r o d u c e s  4 , 0 0 0  GPM o f  w a s t e  w a t e r .  The w a t e r  
c o n t a i n s  c e l l u l o s e ,  s u g a r ,  a n d  v a r y i n g  a m o u n t s  o f  o t h e r  
m a t e r i a l s .  By t h e  a d d i t i o n  o f  a  s m a l l  am o u n t  o f  so d iu m  
a z i d e  t h e  o r g a n i s m s  a r e  d e s t r o y e d  a n d  t h e  s a t u r a t i o n  o x y g e n  
v a l u e  d e t e r m i n e d  t o  b e  5 . 0 0  ppm. The t e m p e r a t u r e  o f  t h e  
w a t e r  i s  8 4 ° F .  The  w a t e r  h a s  a n  a v e r a g e  o x y g e n  c o n t e n t  o f
2 . 0 0  ppm. N e g l i g i b l e  a m o u n t s  o f  s u r f a c e  a c t i v e  a g e n t s  a r e  
p r e s e n t .  I f  a  t h r e e  f e e t  h e a d  o f  w a t e r  i s  a v a i l a b l e ,  w h a t  
p e r f o r m a n c e  w i l l  t h i s  c a s c a d e  b o a r d  s y s t e m  d e l i v e r ?
L i m i t i n g  t h e  L t o  40 GPMF
r , , 4000 GPM ^W xdth  o f  b o a r d  = -7 -  t r -  = 1 0 0  f t .
40 GPMF
F o r  0  o f  3 0 ° :
L e n g t h  ( r )  = — —  ■*----  = 6 f t .
S i n e  30°
A c t i v e  s u r f a c e  m u s t  b e  100 b y  6  f t .  p a n e l .  M i g h t  b e  fo rm e d  
o f  f i b e r g l a s s  p a n e l s  o r  m o ld e d  c o n c r e t e .
From  T a b u l a t e d  R e s u l t s ,  n t  = 0 . 2 4 2 ,  a n d  f rom  V I - 3 :
C2  = C* -  (C* -  Cx) e x p ( - n t r )
C2 = 5 . 0 0  -  ( 5 . 0 0  -  2 . 0 0 )  e x p ( - 0 . 2 4 2 ) ( 6 )  = 4 , 2 8  ppm.
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2, E s t i m a t e  t h e  p e r f o r m a n c e  o f  t h i s  a p p a r a t u s  i n  oxygen  
a b s o r p t i o n  f o r  t h e  same w a s t e  s o l u t i o n  o f  1., i f  t h e  p r i m a r y  
p u r p o s e  i s  a d d i t i o n  o f  b a c t e r i a l  c u l t u r e s  a n d  n u t r i e n t s .
I n  t h i s  c a s e ,  a  s h a l l o w  a n g l e  w o u ld  be  f a v o r e d  t o  a l l o w
th e  c u l t u r e s  t o  b u i l d  up i n  t h e  l i q u i d  h o l d - u p .  I f  5% o f
t h e  e f f l u e n t  w e re  so h a n d l e d :
_  __ 5 f t .
40 GPMF
F o r  0 o f  1 0 ° ,  a n d  a l e n g t h  o f  10 f e e t ,  n e g l e c t i n g  o x yg en  con* 
sumed by  b i o c h e m i c a l  r e a c t i o n s .
From F i g u r e  5, n t  = 0 . 0 5 7 .  By u s e  o f  V I - 3 :
C2 -  5 . 0 0  -  ( 5 . 0 0  - 2 . 0 0 )  e x p ( - 0 . 0 5 7 ) ( 1 0 )
C2 = 3 , 3 0  ppm
3 .  What l e n g t h  o f  s u r f a c e  i n  2  w ou ld  g i v e  t h e  same f i n a l
o xygen  c o n t e n t  a s  t h a t  i n  1?
T h i s  c an  b e  c a l c u l a t e d  d i r e c t l y  a s
h t i r i  = n t 2 ^ s
o r
n t i r 1r  -  —=------
n t 2
_ < ° - 2 4 2 ? ( 6 )  .  2 5  5  f t  
( 0 . 0 5 7 )  '
H e i g h t  r e q u i r e d ,  Z2 = r 2 s i n e  <pz
Z2 = ( 2 5 . 5 ) ( S i n e  10°)  = 4 .3 3  f t .
APPENDIX.III  
SAMPLE CALCULATIONS
C a l c u l a t i o n  o f  C*.
F o r  a  w a t e r  t e m p e r a t u r e  o f  2 9 . 5 ° C ,  a  b a r o m e t e r  o f  3 0 . 1 5  i n .  
o f  Hg a t  a t e m p e r a t u r e  o f  79°F ( b r a s s  s c a l e ) :
3 0 .1 5 0  i n .  Hg o b s e r v e d
-  0 .1 3 5  i n .  Hg T e m p e r a t u r e  c o r r e c t i o n  1 
3 0 .0 1 5  i n .  Hg
By R o g i l l i o ’ s c a l c u l a t i o n s 7 7 , one  a t m o s p h e r e  w o u ld  c o r ­
r e s p o n d  t o  a  c o r r e c t e d  r e a d i n g  o n  t h e  b a r o m e t e r  o f  2 9 .9 6  i n .
Hg. T o t a l  p r e s s u r e  = —  = 1 .0 0 6 8  a tm .  A ssu m ing  i n t e r -
2 9 . 9 6
f a c e  i s  s a t u r a t e d  w i t h  w a t e r  v a p o r  a t  b u l k  t e m p e r a t u r e .
P a r t i a l  P r e s s u r e  o f  Dry A i r :
1 .0 0 6 8 on
0 .0 4 1 0  V . P .  o f  w a t e r  
0 .9 6 5 8
Partial Pressure of oxygen at interface:
Po = ( 0 . 9 6 5 8 ) ( 0 . 2 1 )  = 0 . 2 0 3  a tm .
From F i g u r e  9 H0w = 3 8 . 3  ppm /a tm
t h e n  C* = ( 0 . 2 0 3 ) ( 3 8 . 3 )  = 7 . 7 8  ppm
_2. C a l c u l a t i o n  o f  n t *
C x = 0 . 4 7  ppm 
C2 = 5 . 8 9  ppm 
C* = 7 . 7 8  ppm 
r  = 5 . 3 2  f t .
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n t  = -  I n  -& *  .~ -g. l l  = 0 . 2 5 6  Nt / f t .
t  r  ( c *  - c 2) C
_3. Calculation of H^ ,
nt = 0 , 2 5 6 ,  <f> = 30°
H = - L  = S i n e _ 0  = ^ 9 5  f t<
L Nt  n t
4, Calculation of Kpa.
N e g l e c t i n g  s m a l l  v a r i a t i o n  i n  d e n s i t y  w i t h  t e m p e r a t u r e ,
NA = KLa (AC)^
(Cg - Cx) lb  0 g  ^ L g a l . w   ^ 60 m in .  # 8 .3 4 5  l b . w  l b  mol 0g 
= 106 l b . w  min  n r  g a l . w  32 l b  0g
(C* - Cl.) - (C* - Ca)
-  - ( S T : — )
In  ,
(C* -  Cg)
(Cg - C i )  l b  Og l b  m ol  0 g 62*43 l b . w  
In 106 l b . w  32 l b  Og f t 5 w
(C*-Ca )
f o r  one  f t a o f  a r e a
„  _ r* . . ( ^OXCS . A ^ X , (C* - C i )  l b  m ol  Og
V  "  L ( 5 .3 2 )  ( 6 2 . 4 3 )  i n  (C* -  C2) l b  mol  Og
f t 3 w
5^ . E s t i m a t i o n  o f  e f f e c t  o f  e r r o r s ,
As a f i r s t  a p p r o x i m a t i o n 3 2 ' 3 5 , t a k e  t h e  d e r i v a t i v e  a s  
b e i n g  e q u a l  t o  t h e  e r r o r  o p e r a t o r ,  6 .
3 3
F o r  n t , i f  = 0 . 0 7  , s i n c e
60
( c *  -  Ca)
<
6C-
( c *  -  Ci)
+ 6 C:
(C* -  C2)
5n  = J s J L d .  +
(C* -  CO
/5Ca/
(C* -  Ca )
A b s o l u t e  v a l u e s  b e i n g  u s e d  t o  e s t i m a t e  maximum e r r o r  (no 
f o r t u i t o u s  p a r t i a l  c a n c e l l a t i o n  due  t o  s i g n ) .
F o r  c o n d i t i o n s  o f  p r e c e d i n g  c a l c u l a t i o n s :
6n = = 0 . 0 4 7
z  7 . 3 1  1 .8 9
Hence  t h e  p o s s i b l e  maximum e r r o r  i s  e q u a l  t o  o r  g r e a t e r  t h a n  
some o f  t h e  v a l u e s  o f  n t  o b t a i n e d .
_6 . S i z e  o f  p o i n t s  on g r a p h .
I t  w o u ld  seem m o s t  c o r r e c t  t o  e s t i m a t e  t h e  s i z e  o f  t h e  
p o i n t s  b y  c a l c u l a t i o n  o f  p o s s i b l e  maximum e r r o r  f o r  e a c h  p o i n t ,
a n d  t h e n  d i v i d e  b y  4ir t o  o b t a i n  a n  e s t i m a t e  o f  m o s t  p r o b a b l e
e r r o r 3 2 . How ever ,  b y  t h e  t e c h n i q u e  o f  _5, p o s s i b l e  maximum 
e r r o r s  w e r e  c a l c u l a t e d  f o r  v a r i o u s  n t  a t  ran do m .  V a l u e s  ob~ 
t a i n e d  w e r e  e s s e n t i a l l y  0 . 0 4  - 0 . 0 1 5 ;  h e n c e  0 . 0 4  was t a k e n  a s  
a n  a p p r o x i m a t e  f i g u r e .
T a k i n g  r a d i u s  o f  p o i n t  a s  b e i n g  e q u a l  t o  m o s t  p r o b a b l e
e r r o r :
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F lo w  r a t e  o f  w a t e r  i n  GPM p e r  l a t e r a l  f o o t  o f  c h a n n e l .
n. = Number o f  t r a n s f e r  u n i t s  p e r  f o o t  o f  l e n g t h .
O v e r a l l  c o e f f i c i e n t  o f  m a s s  t r a n s f e r ,  b a s e d  o n  t h e  
l i q u i d  f i l m ,  u n i t s  o f
( l b  mo I s  o f  o x y g e n ) / ( h o u r ) ^  )
a l l  b a s e d  on o n e  s q u a r e  f o o t  o f  b o a r d  ( a r e a  b e i n g  
d e t e r m i n e d  b y  l e n g t h  and  w i d t h ,  n o t  f o l l o w i n g  c o r ­
r u g a t e d  s u r f a c e )
Ht  = H e i g h t  o f  t r a n s f e r  u n i t  i n  f e e t .
A l l  v a l u e s  t a b u l a t e d  t o  two p l a c e s  b e y o n d  t h e  l a s t  s i g ­
n i f i c a n t  f i g u r e .
0  = 30° 8 3 . 1  < t ° F  < 8 5 . 1
L n t KLa Ht
1 4 . 2 0 . 2 3 5 26.  6 2 . 1 1
1 4 . 2 0 . 2 5 6 2 8 .7 1 . 9 6
1 4 . 2 0 . 2 5 8 2 8 .6 1 . 9 4
1 8 .3 0 . 2 2 9 3 4 . 2 2 . 1 8
2 1 . 0 0 . 3 1 2 5 3 . 1 1 .6 0
2 1 . 0 0 . 2 4 8 4 2 . 2 2 . 0 1
2 1 . 0 0 . 2 1 8 3 7 . 1 2 . 0 1
2 2 . 5 0 . 2 7 8 5 0 .4 1 .8 0
2 5 . 5 0 . 2 2 9 4 6 . 8 2 .1 8
2 8 .0 0 . 2 2 9 5 1 .5 2 .1 8
3 1 . 0 0 . 2 2 2 5 4 .7 2 .2 5
3 5 . 0 0 . 2 4 6 6 9 .1 2 .0 3
4 2 . 0 0 . 2 5 6 8 4 .8 1 . 9 5
4 2 . 0 0 . 2 5 0 8 3 . 5 2 . 0 0
4 9 . 0 0 . 2 1 4 8 3 . 4 2 .3 3
4 9 . 6 0 . 1 9 7 7 9 .2 2 .5 3
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„  OTit = - 0 . 0 0 0 4 1 6 4 6 L + 0 .2 5 3 6 0
r °  = - 0 . 1 0 3 s t = 0 .2 4 2
0  = 30° 1 0 2 . 6  < t ° F  < 1 0 5 .6
L n t KLa
1 4 . 4 0 . 2 7 1 3 1 . 1
1 8 . 4 0 . 2 9 8 4 4 . 2
2 1 . 0 0 . 2 3 5 2 6 .6
2 1 . 0 0 .3 0 7 4 1 . 4
2 1 . 0 0 . 3 1 3 4 7 . 8
2 1 . 0 0 . 2 5 2 5 0 .3
2 4 .0 0 . 2 4 0 4 6 . 1
2 4 . 2 0 . 2 2 5 4 3 . 6
n t ° -  - 0 .0 0 4 9 3 3 0 L + 0 .3 6 9 7 1
r ° = - 0 , 4 4 5 ^ t = 0 .2 6 8
0  = 25° 8 4 . 7 < t ° F  < 8 4 . 9
L n t KLa
1 4 .5 0 . 1 9 2 2 1 .5
2 8 .0 0 . 1 8 0 4 0 . 4
4 2 . 0 0 . 1 6 6 5 5 .5
4 8 . 6 0 . 1 9 9 7 7 .5
n t ° = - 0 . 0 0 0 1 0 0 0 0 L 4* 0 .1 8 7 5 8
r °  == - 0 . 1 4 4 = 0 . 1 8 4
0  = 2 0 ° 83. 1 < t ° F  < 8 5 . 3
L n t KLa
1 4 . 2 0 . 1 7 1 2 7 .4
2 1 . 2 0 . 1 5 1 2 5 .7
28 c0 0 . 1 4 6 3 2 .9
3 5 . 0 0 .1 1 7 3 2 .8
4 1 , 6 0 . 1 3 4 4 4 .8
4 1 . 6 0 .1 2 8 4 2 .8
4 8 . 6 0 . 1 1 1 4 3 .5
5 5 . 5 0 . 1 1 6 5 1 .6
1 .8 5
1.68





2 . 2 2
Ht







2 . 3 4
2 .9 3
2 .6 7
3 . 0 7
3 .0 7  
2 .9 6
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0  -  15° 
L
1 4 .5  
2 8 .0  
2 8 .0  
4 2 .0
5 5 .5
0 =  10 °  
L
1 4 .5




4 8 . 5
5 4 .0
5 5 .5




n t ° = - 0 .0 0 1 3 4 5 1  L +  0 .1 8 2 3 0  
r °  = - 0 . 4 3 6  n t  = 0 .1 3 4
8 3 , 1  < t ° F  < 8 4 . 6
n t  I<La Ht
0 .0 S 4  9 . 4  3 .10
0 . 0 8 4  18 .8  3 .10
0 .0 7 9  17 .9  3 .2 5
0 . 0 8 1  2 7 .1  3 .19
0 . 0 7 9  3 5 .6  3 .25
n t ° = - 0 .0 0 0 1 1 9 7 8  L +  0 .0 8 5 4 2
r °  -  - 0 . 7 3 4  n t  = 0 .0 8 1
8 3 . 1  < t ° F  < 8 5 . 3
n t  K^a Ht
0 .0 5 8  6 .5  3 .00
0 . 0 4 8  5 . 4  3 .6 2
0 .0 6 6  1 1 .2  2 .63
0 . 0 5 1  1 1 .4  3 .4 2
0 . 0 5 6  1 8 .8  3 .09
0 .0 5 5  2 1 .4  3 .17
0 . 0 7 4  3 2 .5  2 .32
0 . 0 5 1  22 .8  3 .40
n t ° = - 0 . 0 0 0 1 0 9 7 1  L +  0 .0 6 1 1 8
r °  = - 0 . 0 6 2  iTt  = 0 ,0 5 7
t ° F  = 8 5 . 3
n t  KLa Ht
0 . 0 4 8  5 . 4  2 .00
0 .0 4 3  1 8 .3  1 .82
n t = 0.046
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<f> = 3 0 ° ,  L
t ° F
8 3 . 3
8 3 . 3
8 4 . 2
9 0 . 0
9 0 .3
9 7 .2
1 0 2 . 6
1 0 5 .4
1 0 5 . 4
1 0 5 . 4
1 0 7 .6
1 0 7 .6
= 2 1 . 0  GPMF
n t
0 . 1 9 6
0 . 2 4 1
0 . 2 2 2
0 . 2 5 3
0 . 1 9 6
0 . 2 4 9
0 . 2 5 2
0 .2 4 2
0 . 2 8 2
0 .2 9 6
0 .2 4 2
0 .2 9 8
n t ° = 0 .0 0 0 2 3 2 5 2  t ° F  + 0 .2 2 4 9 5  
r °  = 0 . 2 2 2
APPENDIX V 
CALIBRATION CURVES
F i g u r e  10,  f o r  r o t a m e t e r ,  a n d  F i g u r e  11, f o r  p o s i t i v e  
d i s p l a c e m e n t  m e t e r ,  w e re  o b t a i n e d  by  t i m e d  f l o w  i n t o  a  w e i g h ­
i n g  t a n k .  No m e a s u r a b l e  t e m p e r a t u r e  e f f e c t  was o b s e r v e d  o v e r  
t h e  r a n g e  8 0 - 1 1 0 ° F .
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